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PREFACE

IN his work at Manhattan College the writer found himself

confronted by the fact that there were but two books on Tun-

neling in the English language, neither of which he could reo-

ominend as text books for his pupils. Drinker's tunneling is

a splendid reference book, and may be consulted with advan-

tage by any engineer, but it is too voluminous and expeiiM\e
to be suitable for the beginner. Simula's Practical Tunnel-

ing is a magnificent exposition of the English method <>f

tunneling, but it is too old for anyone who looks for the most

modern methods of tunneling, as the art has progressed greatly

since Mr. Simms's death. The additions introduced l>v Mr.

D. K. Clarke, although they convey an excellent idea of the

manner of excavating long tunnels like tin- Mont ( 'mis and

St. Gothard, fail in what may be called real practical value,

viz., to explain to engineers and contractors the various meth-

ods of driving tunnels of ordinary dimensions through different

soils.

Having thus felt the want of a book of convenient size and

moderate price, the author began to enlarge the notes of hi*

lectures for publication. The general purpose of the )>ook

which has resulted is to explain all the operations that are In-

quired in tunneling, and then illustrate by suitable example*

the actual application of these methods in practice. Formulas

and dirticult calculations have Iwpn avoided, the book being

Him ply descriptive, and the text well illustrated, so that it can

be easily understood by students and others unfamiliar with

tunneling work. This work of preparation has been very dilli-

cult to the writer owing to the fact that, being a foreigner, the
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IV PREFACE

language was not fully mastered, and, having been but a few

years in tbis country, he was not familiar with what had been

accomplished here in previous years. The latter fault was

remedied as far as possible by a careful consultation of the

Transactions of the American Society of Civil Engineers, the

volumes of Engineering News, and of other periodicals, with

all of which the writer made very free use. The writer has

received much assistance from his friends in the preparation of

the manuscript, and takes this opportunity to thank them for

their trouble and encouragement It is his wish, however, to

give special thanks to Mr. Charles S. Hill, Associate Editor

Engineering News, whose suggestions and criticisms led to many

changes and additions, and extended the scope of the book.

CHARLES

February, 1901.
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INTRODUCTION

THE HISTORICAL DEVELOPMENT OF TUNNEL
BUILDING.

A TUNNEL, defined as an engineering structure, is an artificial

gallery, passage, or roadway beneath the ground, under the bed

of a stream, or through a hill or mountain. The art of tunnel-

ing has been known to man since very ancient times. A The-

ban king on ascending the throne began at once to drive the

long, narrow passage or tunnel leading to the inner chamber or

sepulcher of the rock-cut tonib which was to form his final

resting-place. Some of these rock-cut galleries of the ancient

Egyptian kings were over 750 ft. long. Similar rock-cut tun-

neling work was performed by the Nubians and Indians in

building their temples, by the Aztecs in America, and in fact

by most of the ancient civilized peoples.

The first built-up tunnels of which there are any existing

records were those constructed by the Assyrians. The vaulted

drain or passage under the southeast palace of Nimrud, built by
Shalmaneser II. (860-824 n.c.), is in all essentials a true soft-

ground tunnel, with a masonry lining. A much better exam-

ple, however, is the tunnel under tin; Euphrates River, which

may quite accurately be claimed as the first submarine tunnel

of whirh there exists any record. It was, however, built under

the dry bed of the river, the waters of which were temporarily

diverted, and then turned back into their normal channel after

the tunnel work was completed, thus making it a true sub-

marine tunnel only when finished. The Euphrates IJiver tun-

nel was built through soft ground, and was lined with brick

ix



X INTRODUCTION

masonry, having interior dimensions of 12 ft. in width and 15

ft. in height.

Only hand labor was employed by these ancient peoples in

their tunnel work. In soft ground the tools used were the

pick and shovels, or scoops. For rock work they possessed a

greater range of appliances. Research has shown that among
the Egyptians, by whom the art of quarrying was highly de-

veloped, use was made of tube drills and saws provided with

cutting edges of corundum or other hard, gritty material. The

usual tools for rock work were, however, the hammer, the chisel,

and wedges; and the excellence and magnitude of the works

accomplished by these limited appliances attest the unlimited

time and labor which must have been available for their ac-

complishment.
The Romans should doubtless rank as the greatest tunnel

builders of antiquity, in the number, magnitude, and useful

character of their works, and in the improvements which they

devised in the methods of tunnel building. They introduced

fire as an agent for hastening the breaking down of the rock,

and also developed the familiar principle of prosecuting the

work at several points at once by means of shafts. In their

use of fire the Romans simply took practical advantage of the

familiar fact that when a heated rock is suddenly cooled it

cracks and breaks so that its excavation becomes comparatively

easy. Their method of operation was simply to build large

fires in front of the rock to be broken down, and when it had

reached a high temperature to cool it suddenly by throwing

water upon the hot surface. The Romans were also aware

that vinegar affected calcareous rock, and in excavating tunnels

through this material it was a common practice with them to

substitute vinegar for water as the cooling agent, and thus to

attack the rock both chemically and mechanically. It is hardly

necessary to say that this method of excavation was very severe

on the workmen because of the heat and foul gases generated.

This was, however, a matter of small concern to the builders,
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since the work was usually performed by slaves and prisoners

of war, who perished by thousands. To be sentenced to labor

on Roman tunnel works was thus one of the severest penalties

to which a slave or prisoner could be condemned. They were

places of suffering and death as are to-dsiy the Spanish mercury
mines.

Besides their use of fire as an excavating agent, the Romans

possessed a very perfect knowledge of the use of vertical shafts

in order to prosecute the excavation at several different points

simultaneously. Pliny is authority* for the statement that in

the excavation of the tunnel for the drainage of Lake Fncino

forty shafts and a numl>er of inclined galleries were sunk along
its length of 3^ miles, some of the shafts being 400 ft. in

depth. The spoil was hoisted out of these shafts in copper

pails of about ten gallons' capacity by windlasses.

The Roman tunnels were designed for public utility. Among
those which are most notable in this respect, as well as for

being fine examples of tunnel work, may be mentioned the nu-

merous conduits driven through the calcareous rock between

Subiaco and Tivoli to carry to Rome the pure water from the

mountains above Subiaco. This work was done under the

Consul Marcius. The longest of the Roman tunnels is the one

built to diain Lake Fucino, as mentioned above. This tunnel

was designed to have a section of 6 ft. x 1 ft. ; but its actual

dimensions are not uniform. It was driven through calcareous

rock, and it is stated that 30,000 men vere employed for eleven

years in its construction. The tunnels which have been men

tinned, being designed for conduits, were of small section : but

the Romans also built tunnels of larger sections at numerous

points along their magnificent roads. One of the most notable

of these is that which gives the road lietween Naples and Poz-

zuoli passage through the Posilipo hills. It is excavated

through volcanic tufa, and is about. 3000 ft. long and -."> ft.

wide, with a section of the form of a pointed arch. In order

"Tunneling," Knrly. Brit.. 1889, ml. xxiii.. p. 633.
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to facilitate the illumination of this tunnel, its floor and roof

were made gradually converging from the ends toward the

middle ; at the entrances the section was 75 ft. high, while at

the center it was only 22 ft. high. This double funnel-like

construction caused the rays of light entering the tunnel to

concentrate as they approached the center, and thus to improve
the natural illumination. The tunnel is on a grade. It was

probably excavated during the time of Augustus, although
some authorities place its construction at an earlier date.

During the Middle Ages the art of tunnel building was

practiced for military purposes, but seldom for the public need

and comfort. Mention is made of the fact that in 1450 Anne
of Lusignan commenced the construction of a road tunnel

under the Col di Tenda in the Piedmontese Alps to afford

better communication between Nice and Genoa
; but on account

of its many difficulties the work was never completed, although
it was several times abandoned and resumed. For the most

part, therefore, the tunnel work of the Middle Ages was in-

tended for the purposes and necessities of war. Every castle

had its private underground passage from the central tower or

keep to some distant concealed place to permit the escape of

the family and its retainers in case of the victory of the enemy,

and, during the defense, to allow of sorties and the entrance

of supplies.

The tunnel builders of the Middle Ages added little to the

knowledge of their art. Indeed, until the 17th century and

the invention of gunpowder no practical improvement was

made in the tunneling methods of the Romans. Engravings
of mining operations in that century show that underground
excavation was accomplished by the pick or the hammer and

chisel, and that wood fires were lighted at the ends of the

headings to split and soften the rocks in advance. Although

gunpowder had been previously employed in mining, the first

important use of it in tunnel work was at Malpas, France,

in 1679-81, in the tunnel for the Languedoc Canal. This
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tunnel was 510 ft. long, 22 ft. wide, and 29 ft. high, and was

excavated through tufa. It was left unlined for seven years,

and then was lined with masonry.

With the advent of gunpowder and eanal building the first

strong impetus was given to tunnel building, in its modern

', as a commercial and public utilitarian construction, since

the days of the Roman Fmpire. Canal tunnels of notable

size were excavated in France and Kngland during the last

half of the 17th century. These were all rock or hard-ground
tunnels. Indeed, previous to 1800 the softground tunnel was

beyond the courage of engineer except in sections of such

small size that the work better deserves to be called a drift or

heading than a tunnel. In 1803, however, a tunnel 24 ft.

wide was excavated through soft soil for the St. Quentin Canal

in France. Timbering or strutting was employed to support

the walls and roof of the excavation as fast as the earth was

removed, and the masonry lining was built closely following it.

From the experience gained in this tunnel were developed the

various systems of soft-ground suhterrannean tunneling since

employed.
It was by the development of the steam mil way, however.

that the art of tunneling was to l>e brought into its present

prominence. In 1820-26 two tunnels were built on the Liver-

pool A: Manchester Ry. in Fngland. Tin's was the l>eginning

of the rapid development which has made the tunnel one of

the most familiar of engineering structures. The first railway

tunnel in the United States -WHS built on the Alleghnny &
1'ortage U.K. in Pennsylvania in 1831-33; and the first canal

tunnel had been completed about 18 years previously (1818-21 )

by the Schuylkill Navigation Co., near Auburn, Pa. It would

be interesting and instructive in many respects to follow the

rise and progress of tunnel construction in detail since the con-

struction of these earlier examples, but all that may be said

here is that it was identical with that of the railway.

The art of tunneling entered its last and greatest phase
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with the construction of the Mont Cenis tunnel in Europe and

the Iloosac tunnel in America,, which works established the

utility of machine rock-drills and high explosives. The Mont
Cenis tunnel was built to facilitate railway communication

between Italy and France, or more properly between Pied-

mont and Savoy, the two parts of the kingdom of Victor

Emmanuel II., separated by the Alps. It is 7.6 miles long,

and passes under the Col di Frejus near Mont Cenis: Som-

nieiller, Grattoni, and Grandis were the engineers of this great

undertaking, which was begun in 1857, and finished in 1872.

It was from the close study of the various difficulties, the great

length of the tunnel, and the desire of the engineers to finish

it quickly, that all the different improvements were developed
which marked this work as a notable step in the advance of

the art of tunneling. Thus the first power-drill ever used in

tunnel work was devised by Sommeiller. In addition, com-

pressed air as a motive power for drills, aspirators to suck the

foul air from the excavation, air compressors, turbines, etc.,

found at Mont Cenis their first application to tunnel construc-

tion. This important role played by the Mont Cenis tunnel

in Europe in introducing modern methods had its counterpart

in America in the Hoosac tunnel completed in 1875. In this

work there were used for the first time in America power rock-

drills, air compressors, nitro-glycerine, electricity for firing

blasts, etc.

There remains now to be noted only the final development
in the art of soft-ground submarine tunneling, namely, the use

of the shield and metal lining. The shield was invented and

first used by Sir Isambard Brunei in excavating the tunnel

under the River Thames at London, which was begun in 1825,

and finished in 1841. In 1869 Peter William Barlow used an

iron lining in connection with a shield in driving the second

tunnel under the Thames at London. From these inventions

has grown up one of the most notable systems of tunneling

now practiced, which is commonly known as the shield system.
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In closing this brief review of the development of modern

methods of tunneling, to the presentation of which tin- ir-

mainder of this book is devoted, mention should be made of

a form of motive power which promises many opportunities fur

development in tunnel construction. Electricity has long 1 <-fii

employed for blasting and illuminating purposes in tuni.rl

work. It remains to be extended to other uses. For hauling
and for operating certain classes of hoisting and excavating

machinery it is one of the most convenient forms of power
available to the engineer. Its successful application to rock-

drills is another promising field. For operating ventilating

fans it promises unusual usefulness.
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CHAPTER I

PRELIMINARY CONSIDERATIONS. CHOICE BE-
TWEEN A TUNNEL AND OPEN CUT.

GEOLOGICAL SURVEYS

CHOICE BETWEEN A TUNNEL AND AN OPEN CUT

WHEN a railway line is to be carried across a range of

mountains or hills, the first question which arises is whether

it is better to construct a tunnel or to make such a detour ;is

will enable the obstruction to be passed with ordinary surface

construction. The answer to this question depends \\\*m the,

comparative cost of construction and maintenance, and upon
the relative commercial and structural advantages and disad-

vantages of the two methods. In favor of the OJKMI road there

are its smaller cost and the decreased time required in it,s ((in-

struction. These mean that less capital will be required, and

that the road will sooner be able to earn something for its

builders. Against the open road there are : its greater length

and consequently its heavier running ex]*'ii8es; the greater

amount of rolling-stock required to ojienite it; the heavy ex-

pense of maintaining a mountain road; and the necessity <-f

employing larger loeoi with the increased expenses which

they entail. In favor of the tunnel there are: the shortening

of the road, with the consequent decrease in the operating

expenses and amount of rolling-stock required; the smaller cost
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of maintenance, owing to the protection of the track from snow
and rain and other natural influences causing deterioration ;

and the decreased cost of hauling due to the lighter grades.

Against the tunnel, there are its enormous cost as compared
with an open road and the great length of. time required to

construct it.

To determine in any particular case whether a tunnel or an

open road is best, requires a careful integration of all the factors

mentioned. It may be asserted in a general way, however, that

the enormous advance made in the art of tunnel building has

done much to lessen the strength of the principal objections to

tunnels, namely, their great cost and the length of time required
for their construction. Where the choice lies between a tunnel

or a long detour with heavy grades it is sooner or later almost

always decided in favor of a tunnel. When, however, the con-

ditions are such that the choice lies between a tunnel or a

heavy open cut with the same grades the problem of deciding
between the two solutions is a more difficult one.

It is generally assumed that when the cut required will have

a vertical depth exceeding 60 ft. it is less expensive to build

a tunnel unless the excavated material is needed for a nearby
embankment or fill. This rule' is not absolute, but varies

according to local conditions. For instance, in materials of

rigid and unyielding character, such as rock, the practical limit

to the depth of a cut goes far beyond that point at which a

tunnel would be more economical according to the above rule.

In soils of a yielding character, on the other hand, the very

flat slope required for stability adds greatly to the cost of

making a cut.

It may be noted in closing that the same rule may be em-

ployed in determining the location of the ends of the tunnel,

for assuming that it is more convenient to excavate a tun-

nel than an open cut when the depth exceeds 60 ft., then

the open cut approaches should extend into the mountain- or

hill-sides only to the points where the surface is 60 ft. above
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grade, and there the tunnel should begin. If, therefore, we
draw on the longitudinal profile of the tunnel a line parallel to

the plane of the tracks, and 60 ft. above it, this line will cut

the surface at the points where the open-cut approaches should

cease and the tunnel begin. This is a rule-of-thumh determi-

nation at the best, and requires judgment in its use. Should

the ground surface, for example, rise only a few feet above the

60 ft. line for any distance, it is obviously better to continue

the open cut than to tunnel.

THE METHOD AND PURPOSE OF GEOLOGICAL SURVEYS

When it has been decided to build a tunnel, the first duty
of the engineer is to make an accurate geological survey of

the locality. From this survey the material penetrated, the

form of section and kind of strutting to be used, the l>est form

of lining to be adopted, the cost of excavation, and various

other facts, are to l>e deduced. In small tunnels the geological

knowledge of the engineer should enable him to construct a

geological map of the locality, or this knowledge may IK- had

in many cases by consulting the geological maps issued by tin-

State or general government surveys. When, however, the

tunnel is to be of great length, it may 1x3 necessary to call in

the assistance of a professional geologist in order to reconstruct

accurately the interior of the mountain and thereby to ascer-

tain beforehand the different strata and materials to U
excavated, thus obtaining the data for calculating both the.

time and cost of excavating the tunnel.

The geological survey should enable the engineer to dcicr-

mine, (1) the character of the material and its force of cohe-

sion, (2) the inclination of the different strata, and (8) the

presence of water.

Character of Material The character of the material through

which the proposed tunnel will penetrate is liest ascertained

by means of diunond rock-drills. These machines bore an
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annular hole, and take away a core for the whole depth of the

boring, thus giving a perfect geological section showing the

character, succession, and exact thickness of the strata. By
making such borings at different points along the center line

of the projected tunnel, and comparing the relative sequence
and thickness of the different strata shown by the cores, the

geological formation of the mountain may be determined quite

exactly. Where it is difficult or impracticable to make dia-

mond drill borings on account of the depth of the mountain

above the tunnel, or because of its inaccessibility, the engineer
must resort to other methods of observation.

The present forms of mountains or hills are due to

weathering, or the action of the destructive atmospheric influ-

ences upon the original material. From the manner in which

the mountain or hill has resisted weathering, therefore, may be

deduced in a general way both the nature and consistency of

the materials of which it is composed. Thus we shall gener-

ally find mountains or hills of rounded outlines to consist

of soft rocks or loose soils, while under very steep and crested

mountains hard rock usually exists. To the general knowl-

edge of the nature of its interior thus afforded by the ex-

terior form of the mountain, the engineer must add such

information as the surface outcroppings and other local evi-

dences permit.

For the purposes of the tunnel builder we may first classify

all materials as either, (1) hard rock, (2) soft rock, or (3)
soft soil.

Hard rocks are those having sufficient cohesion to stand

vertically when cut to any depth. Many of the primary rocks,

like granite, gneiss, feldspar, and basalt, belong to this class,

but others of the same group are affected by the atmosphere,

moisture, and frost, which gradually disintegrate them. They
are also often found interspersed with pyrites, whose well-

known tendency to disintegrate upon exposure to air intro-

duces another destructive agency. For these reasons we may
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divide hard rocks into tun sulM-lasses ; vi/., hard rocks un-

affected by tii.- atmosphere, and those affected by it. This

distinction is chiefly important in tunneling as determining

whether or not a lining will l>e required.

Soft rocks, as the term implies, are those in whieli the force

of cohesion is less than in hard rocks, and which in consequence

offer less resistance to attacks tending to break down their

original structure. They are always affected by the atmosphere.

Sandstones, laminated clay shales, mica-schists, and all schisto>e

st. mes, chalk and some volcanic rocks, can In- classified in this

group. Soft rocks require t . le supported by timbering during

excavation, and need to be protected by a strong lining to

exclude the air, and to support the vertical pressures, and

prevent the fall of fragments.

Soft soils are composed of detrital materials, having so little

cohesion that they may be excavated without the use of

explosives. Tunnels excavated through these soils must be

strongly timbered during excavation to support the verti-

cal pressure and prevent caving : and they also always require

a strong lining. Gravel, sand, shale, clay, quicksand, and peat

are the soft soils generally encountered in the excavation of

tunnels, (iravels and dry sand are the strongest and firmest;

shales are very firm, but they possess the great defect of being

liable to swell in the presence of w;iter or merely by exposure
to the air. to such an extent that they have Wn known to

crush the timbering built to support them. Quicksand and

peat are proverbially treacherous materials. Clays are s

times firm and tenacious, but when laminated and in the

piv-fiice of water are amon^ the most treacherous soils.

Laminated clays may be described as ordinary clays altered

by chemical and mechanical agencies, and several modifications

of the same structure are often found in the same locality.

They are composed of lamina- of lenticular form separated by
smooth surfaces and easily detached from each other. Lami-

nated clays generally have a dark color, red, ocher or greenish
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blue, and are very often found alternating with strata of

stiatites or calcareous material. For purposes of construction

they have been divided into three varieties.

Laminated clays of the first variety are those which alter-

nate with calcareous strata and are not so greatly altered as

to lose their original stratification. Laminated clays of the

second variety are those in which the calcareous strata are

broken and reduced to small pieces, but in which the former

structure is not completely destroyed ; the clay is not reduced

to a humid state. Laminated clays of the third variety
are those in which the clay by the force of continued disturb-

ance, and in the presence of water, has become plastic.

Laminated clays are very treacherous soils
; quicksand and

peat may be classed, as regards their treacherous nature,

among the laminated clays of the third variety.

Inclination of Strata Knowing the inclination of the

strata, or the angle which they make with the horizon, it is

easy to determine where they intersect the vertical plane of the

tunnel passing through the center line, thus giving to a certain

extent a knowledge of the different strata which will be met

in the excavation* On the inclination of the strata depend :

(1) The cost of the excavation ;
the blasting, for instance, will

be more efficient if the rocks are attacked perpendicular to the

stratification ; (2) The character of the timbering or strut-

ting ;
the tendency of the rock to fall is greater if the strata

are horizontal than if they are vertical ; (3) The character and

thickness of the lining; horizontal strata are in the weakest

position to resist the vertical pressure from the load above

when deprived of the supporting rock below, while vertical

strata, when penetrated, act as a sort of arch to support the

pressure of the load above. The foregoing remarks apply

only to hard or soft rock materials.

In detrital formations the inclination of the strata is an

important consideration, because of the unsymmetrical pres-

sures developed. In excavating a tunnel through soft soil
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whose strata are inclined at -".0 t tin- horizon, for instance,

the tuniH'l will cut tliese strata at an angle of 30. By tho

excavation tlie natural equilibrium of the soil is disturbed,

and while the earth tends to fall and settle on both sides

at an angle depending upon the friction and cohesion of tin?

material, this angle will l>e much greater on one side than mi

the other Ix'cause of the inclination of the strata; and hemc
the prism of falling earth on one side is greater than on tin?

other, and consequently the pressures are different, or in

other words, they are unsymmetrieal. These unsyimnetriea!

pressures are usually easily taken care of as far as the lining

is concerned, but they may cause serious cave-ins and Uidly
distort the strutting. Caving-in during excavation may be

prevented by cutting the materials according to their natural

slope; but the distortion of the strutting is a more serious

problem to handle, and one which oftentimes requires tint

utmost vigilance and care to prevent serious trouble.

Presence of Water. An idea of the likelihood of finding-

water in the tunnel may be obtained by studying the hydro-

graphic basin of the locality. From it the source and direction

of the springs, creeks, ravines, etc., can be traced, and from

the geological map it can be seen where the strata In-aiing

these waters meet the center line. Not only ought the surface

water to be attentively studied, but underground springs, which

are frequently encountered in the excavation of tunnels, re-

quire careful attention. Both the surface and underground
waters follow the pervious strata, and are diverted by im-

pervious strata. Roeks generally may be classed as im-

pervious; but they contain crevices and faults, \\hich often

allow water to pass through them; and it is, therefore, not

uncommon to encounter large quantities of water in excavating

tunnels through rock. As a riile, water will IK; found under

high mountains, which comes from the melted ice and snow

'.ating through the rock crevices.

Some detrital soils, like gravel and sand, are pervious, and
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others, like clay and shale, are impervious. Detrital soils

lying above clay are almost certain to carry water just above

the clay stratum. lu tunnel work, therefore, when the exca-

vation keeps well within the clay stratum, little trouble is

likely to be had from water ; should, however, the excavation

cut the clay surface and enter the pervious material above,

water is quite certain to be encountered. The quantity of

water encountered in any case depends upon the presence of

high mountains near by, and upon other circumstances which

will attract the attention of the engineer.

A knowledge of the pressure of the water is desirable.

This may be obtained by observing closely its source and the

character of the strata through which it passes. Water

coming to the excavation through rock crevices will lose

little of its pressure by friction, while that which has passed
some distance through sand will have lost a great deal of its

pressure by friction. Water bearing sand, and, in fact, any
water bearing detrital material, has its fluidity increased by
-water pressure ;

and when this reaches the point where flow

Tesults, trouble ensues. The streams of water met in the

construction of the St. Gothard tunnel had sufficient pressure

to carry away timber and materials.
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CHAPTER II.

METHODS OF DETERMINING THE CENTER
LINE AND FORMS AND DIMENSIONS OF

CROSS-SECTION.

DETERMINING THE CENTER LINE.

TUNNELS may be either curvilinear or rectilinear, lint the

latter form is the more common. In either case the first task

of the engineer, after the ends of the tunnel him- IK-CM definitely

fixed, is to locate the center line exactly. This is done on the

surface of the ground ; and its purpose is to find the exact

length of the tunnel, and to furnish a reference line by which

the excavation is directed.

Rectilinear Tunnels. In short tunnels the center line may lc

accurately enough located for all practical purposes by means

of a common theodolite. The work is performed on a calm,

clear day, so as to have the instrument and observations sul>-

jected to as little atmospheric, disturbance as possible. Wooden

stakes are employed to mark the various located points of the

center line temporarily. The observations are usually related
once at least to check the errors, and the stakes arc altered as

the corrections dictate ; and after the line is finally decided to

be correctly fixed, they are replaced by jiennanent monu-

ments of stone accurately marked. The method of checking the

observations is descriled by Mr. W. 1 >. Ila.skoll as follows:

" Let the theodolite be carefully rt up over OIL- ..f the RUkea, with tin-

nail driven int<> it, hi-liTtiimnin-th.it will numnand tln Ix-.-t po-iii.in KI AA to

range backwards and forwards over the whole length of line, and al<> ulitain a

view of the two distant point* that rau^i- with tin- -nt<-r lin<-
;
this being done,

" Practical Tunneling." by F. W. Sirnm*.
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let the centers of every stake ... be carefully verified. If this be carefully

done, and the centers be found correct, and thoroughly in one visual line as

seen through the telescope, there will be no fear but that a perfectly straight

line has been obtained.

The center line which has thus been located on the ground
surface has to be transposed to the inside of the tunnel to

direct the excavation. To do this let A and B be the entrances

and a and b be the two distinct fixed points which have been

ranged in with the center line located on the ground surface

over the hill Af B, Fig. 1. The instrument is set up at V,

any point on the line A a produced, and a bearing secured by
observation on the center line marked on the surface. This

bearing is then carried into the tunnel by plunging the tele-

scope, and setting pegs in the roof of the heading. Lamps

~B A

FIG. 1. Diagram Showing Manner of Lining in Rectilinear Tunnels.

hung from these pegs furnish the necessary sighting points.

This same operation is repeated on the opposite side of the

hill to direct the excavation from that end of the tunnel.

These operations serve to locate only the first few points inside

the tunnel. As the excavation penetrates farther into the hill,

it becomes impossible to continue to locate the line from the

outside point, and the line has to be run from the points

marked on the roof of the heading. Great accuracy is required

in all these observations, since a very small error at the begin-

ning becomes greater and greater as the excavation advances.

In very long tunnels excavated under high mountains more

elaborate methods have to be adopted for locating the center

line. The theodolites employed must be of large size ;
in ran-

ging the center line of the St. Gothard tunnel, the theodolite

used had an object glass eight inches in diameter.* Instead of

* See also Simplon Tunnel, Chapter IX.
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the ordinary mounting a masonry pedestal with a perfectly
level top is employed to support the instrument during the

observations. The location is made by means of triangulation.

The various operations must be performed with the greatest

accuracy, and repeated several times in such a way as to reduce

the errors to a minimum, since the final meeting of the head-

ings depends upon their elimination.

The St. (Jothard tunnel furnishes perhaps the best illus-

tration of careful work in locating the center line of long recti-

linear tunnels of any tunnel ever built. The length of this

tunnel is 9.25 miles, and the height of the mountain above it

is very great. The center line was located by triangulation by

FIG. 2. Triangulation System for KtUabllnhlng the Cnter Line of the St. Gothurd Tunnel.

two different astronomers using different sets of triangles, and

working at ditTeivni times. The set or system of triangles used

by Dr. Knppe, one of the observers, is sho\\n by Fig. -: it ei in-

sists of very large and quite small triangles combined, the

latter heing required beCBUee the entrances both at Airolo and

Goeschenen were so low as to permit only of a short sight

being taken. The apices of the triangles were located by means

of the contour maps of the Swiss Alpine flub. Kach angle

was read ten times, the instrument was collimated four times

for each reading, and was afterwards turned off "> or in t,,

avoid errors of graduation. The average of the errors in read-

ing was about oiie second of arc. The triangulation was

PLEAS:' WTO
DFPT. */ AWM'P MfcUHAJMCSL
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Wire

sated according to the method of least squares. The probable
error in the fixed direction was calculated to be 0.8" of arc at

Goeschenen and 0.7" of arc at Airolo. From this it was

assumed that the probable deviation from the true center would

be about two inches at the middle of the tunnel, but when the

headings finally met this deviation was found to reach eleven

inches.

Comparatively few tunnels are driven by working from the

entrances alone, the excavation being usually prosecuted at

several points at once by means of shafts. In these cases, in

oi-der to direct the excavation cor-

rectly, it is necessary to fix the

center line on the bottom of the

shaft. This is accomplished in

two ways, one being employed
when the shaft is located directly

over the center line, and the other

when the shaft is located to one

side of the center line.

When the shaft is located on

the center line two small pillars

are placed on opposite edges of

the shaft and collimating with the

center line as shown by Fig. 3.

On these two pillars the points

corresponding to the center line are correctly marked, and con-

nected by a wire stretched between them. To this wire two

plumb bobs are fastened as far apart as possible. These plumb
bobs mark two points on the center line at the bottom of the

shaft, and from them the line is extended into the headings as

the work advances. Compass readings are employed to check

the transit lines ranged on the plumb bobs. Where there are

rocks containing iron ore a miner's transit should be employed
for making the compass reading.

When the shaft is placed at one side of the tunnel the

FIG. 3. Method of Transferring the

Center Line down Center Shafts.
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pillars or bench marks are placed normal to the center line on
the edges of the shaft as shown by Fig. 4. Between the points
.4 and B a wire is stretched, and from it two plumb bobs are

suspended, as described in the

preceding case ; these plumb
bobs establish a vertical plane
normal to the axis of the tun-

nel. The excavation of the

side tunnel is carried along the

line BWuntil it intersects the

line of the main tunnel, whose

center line is determined by

measuring off underground a

distance equal to the distance

BO on the surface. By setting

the instrument over the under-ground point 0, and turnii:

a right angle from the line BO, the center line of the tunnel is

extended into the headings.

Curvilinear Tunnels. There are various methods of locating

the center line of curvilinear tunnels, but the method of tangent

offsets is the one most commonly employed. It

consists in finding the length of an ordinal**

DC\ Fig. 5, perpendit nlar to tin* tangent AX,

E at a point 7) taken at a known distance .!/>

= tl from tin* ]><>int of tangent .1. <> Ix-in^ the

center of tin* arc A /I and <>A Ix-ing the nidi us.

!

B

i

~
'Ctfitir

"
TC line

__

4 ..r Tran^rrinK th* cnt*r
Line down Side Shaft*.

From the

Pro. 5. DUgram From O dmw OZ parallel to the tangent .l.Y,

1 and produce the perpendicular /><' until it in-

Tangent offou tersects the line OZ at E. Join and <'.

triangle O 1 '/'.

(D

(2)
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FIG. 6. Diagram Showing Method
of Determining Tangent Offsets

for Arcs of over 90.

Substituting these values in equations (1) and (2) we

have, y = r Vr* d*.

When the arc AB is greater than a quadrant, as in Fig. 6,

the projection AF of the arc becomes equal to its radius, and

for any value of d between this pro-

jection and that of the chord AK
there are thus two values of y, viz.,

y and y2, both deduced from the

formula, y = r Vr2

cP.

Assuming the value of d = AG,
to locate the point If, GH =

y^
= r

Vr2
d?, and to locate the point

I,GI= y2
= r + Vr2 - d?.

By giving to d the values between and AF, the various

values for the tangent offsets are obtained.

In staking out the center line of a curvilinear tunnel the

greatest accuracy is required, since a very small error will throw

the work out and cause

serious trouble. At the

beginning the excava-

tion is conducted as

closely as may be to the

line of the curve, and

as soon as it has pro-

gressed far enough the

tangent AT, Fig. 7, is

ranged out. At B a

point is located over

which to set the instru-

ment, and the distance

AB is measured for the

purpose of finding the ordinate of the right angle triangle OA B.

Now OA =
r, AB d, and <

= angle ABO. Then: Tang.

r

*-y

FIG. 7. Method of Laying Out the Center Line of

Curvilinear Tunnels.
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Doubling the value of $ and making the angle ABC = 2<,

the line BC will be fixed and the point C located by taking

AB = BC. On BO the ordinates are laid off to locate the curve.

Prolong CB so that CD = CB. Then the portion of the curve

CE is symmetrical with CE, and the ordinates used to locate

EC may lie employed to locate CF, by laying them off in the

reverse order.

FORM AND DIMENSIONS OF CROSS-SECTION.

In deciding upon the sectional profile of a tunnel two factors

have to be taken into consideration: (1) The form of section

best suited to the conditions, and (2) the interior dimensions of

this section.

Form of Section. The form of the sectional profile of a tun-

nel should be such that the lining is of the l>est form to i

the pressures exerted by the unsupported walls of the tunnel

excavation, and these vary with the character of the material

penetrated. These pressures are both vertical and lateral in

direction ;
the. roof, deprived of support by the excavation, tends

to fall, and the, opposite sides for the same reason tend to slide

inward along a plane more or less inclined, depending upon the

friction and cohesion of the material. In some rocks the co-

hesion is so great that they will stand vertically, while it may
be very small in loose earth which slides along a plane whose

inclination is directly projiortioiial to the cohesion.

From the theory of resistance of profiles we know that the

resistance of a line to exterior normal forces is directly propor-

tional to its decree of curvature, and consequently inversely

proportional to the radius of the curve. Hence the sectional

profile of a tunnel excavated through hard rock, when- there

are no lateral pressures owing to the great cohesion of the ma-

terial, and having to resist only the vertical pressure, should

le designed to offer the greatest resistance at its highest point,

and the curve must, therefore, he sharjier there, and may de-

crease toward the base. In <|uicksaml, mud, or other material
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practically without cohesion, the pressures will all be normal

to the line of the profile, and a circular section is the one best

suited to resist them. These theoretical considerations have

been proved correct by actual experience, and they may be

employed to determine in a general way the form of section to

be adopted. Applying them to very hard rock, they give us

a section with an arched roof and vertical side walls. In softer

materials they give us an elliptical section with its major axis

vertical, and in very soft quicksands and mud they give us the

circular section. These three forms of cross-section and their

modifications are the ones commonly employed for tunnels.

An important exception to this general practice, however, is

met with in some of the underground city rapid-transit rail-

ways built of late years, where a rectangular or box section is

employed. These tunnels are usually of small depth, so that

the vertical pressures are comparatively light, and the bending

strains, which they exert upon the flat roof, are provided for by

employing steel girders to form the roof lining.

From what has been said it will be seen that it is impossible

to establish a standard sectional profile to suit all conditions.

The best one for the majority of conditions, and the one most

commonly employed, is a polycentric figure in which the num-

ber of centers and the

length of the radii are

fixed by the engineer to

meet the particular con-

ditions which exist. In

a general way this form

of center may be con-

sidered as composed of

two parts symmetrical

in respect to the vertical

axis. Fig. 8 shows such

a profile, in which DH is the vertical axis. The section is

unsymmetrical in respect to the horizontal axis GrE. The

a
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upper part forming the roof arch is usually a semi-circle or

semi-oval, while the lower part, comprising the side walls

and invert or floor, varies greatly in outline. Sometiiiit/s tin-

side walls are vertical and the invert is omitted, us shown by

Fig. 9; and sometimes the side walls are inclined, with their

bottoms hraced apart by the invert, as shown by Fig. 10. In

more treacherous soils the side walls are curved, and are con-

nected by small curved sections to the invert, as shown by Fig.

Fi 9 9
Fig. 10. Fig.ll.

Fios. 9 to 11. Typical Sectional Profiles for Tunnel.

11. In the last example the side walls are commonly called

skewbacks, and the lower part of the section is a polycentric

figure like the upper part, but dissimilar in form.

In a tunnel section whose profile is composed entirely of

arcs the following conditions are essential : The centers of the

springer arcs Cra and Ea', Fig. 8, must be located on the line

GrE\ the center of the roof arc bDb' must be located on the

axis HD
; the total number of centers must be an odd number;

the radii of the succeeding arcs from Cr toward D and E toward

I) must decrease in length, and finally the sum of the angles

subtended by the several arcs must equal 180.

Dimensions of Section. The dimensions to be given to the

cross-section of a tunnel depend upon the purpose for whirli it

is to l)e used. Whatever the purpose of the tunnel, the follow-

ing three points have to be considered in determining the size

of its cross-section : (1) The size of clear opening required ; (2)
the thickness of lining masonry necessary; and (3) the decrease

in the clear opening from the deformation of the lining.

Railway tunnels may be built either to accommodate one or
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two tracks. In single-track tunnels a clear space of at least 2

ft. on each side should be allowed for between the tunnel wall

and the side of the largest standard locomotive or car, and a

clear space of at least 3 ft. should be allowed for between the

roof and the top of the same locomotive or car. Since the roof

of the tunnel is arch-shaped, to secure a clearance of 3 ft. at

every point will necessitate making the clearance at the center

greater than this amount. In double-track tunnels the same

amounts of side and roof clearances have to be provided for,

and, in addition, there has to be a clearance of at least 2 ft.

between trains passing on the two tracks. Referring to Fig. 8,

and assuming the line AB to represent the level of the tracks,

then the ordinary dimensions in feet required for both single-

and double-track tunnels are as follows :
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CHAPTER III.

EXCAVATING MACHINES AND ROCK DRILLS:
EXPLOSIVES AND BLASTING.

Earth-Excavating Machines. Comparatively few of the labor-

saving machines employed for breaking up and removing loose

soil in ordinary surface excavation are used in tunnel excava-

tion through the same material. Several forms of tunnel

excavating machines have been tried at various times, but only

a few of them have attained any measure of success, ami these

have seldom been employed in more than a single work. In

the Central London underground railway work through clay a

continuous bucket excavator (Fig. 12) was employed with

Pit;, r.'. Soft Ground liurket Kxrav iin.- : 'Vntrnl lx>n<1n rii.lorjrrotiml

considerable saving in time and labor over band urk. ami in

some recent tunnel work in America tin- contractors made

quite successful use of a modified form of strain shovel. These

are the most recent attempts to use excavatini; machines in

soft ground, and they, like all previous attempt*, must ho

classed as experiments rather than as examples of common

practice. The shovel, the spade, and the pick, wielded by



20 TUNNELING

hand, are the standard tools now, as in the past, for excavating

soft-ground tunnels.

Rock-Excavating Machines. At one period during the work

of constructing the Hoosac tunnel considerable attention was

devoted to the development of a rock excavating, boring, or

tunneling machine. This device was designed to cut a groove
around the circumference of the tunnel thirteen inches wide

and twenty-four feet in diameter by means of revolving cutters.

It proved a failure, as did one of smaller size, eight feet diame-

ter, tried subsequently. During and before the Hoosac tunnel

work a number of boring-machines of similar character were

experimented with at the Mont Cenis tunnel and elsewhere in

Europe ; but, like the American devices, they were finally

abandoned as impracticable.

Hand Drills. Briefly described, a drill is a bar of steel

having a chisel-shaped end or cutting-edge. The simplest form

of hand drill is -worked by one man, who holds the drill in one

hand, and drives it with a hammer wielded by his other hand.

A more efficient method of hand-drill work is, however, where

one man holds the drill, and another swings the hammer or

sledge. Another form of hand drill, called a churn drill, con-

sists of a long, heavy bar of steel, which is alternately raised

and dropped by the workman, thus cutting a hole by repeated

impacts.

In drilling by hand the workman holding the drill gives it a

partial turn on its axis at every stroke in order to prevent

wedging and to offer a fresh surface to the cutting-edge. For

the same reason the chips and dust which accumulate in the

drill-hole are frequently removed. The instruments used for

this purpose are called scrapers or dippers, and are usually very

simple in construction. A common form is a strong wire hav-

ing its end bent at right angles, and flattened so as to make a

sort of scoop by which the drillings may be scraped or hoisted

out of the hole. It is generally advantageous to pour water

into the drill-hole while drilling to keep the drill from heating.
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Power Drills. When the conditions are such that use can

l>e made of them, it is nearly always preferable to use jxmer

drills, on account of their greater speed of penetration and

-T'-ater economy of work. Power drills are worked by direct

steam pressure, or by compressed air generated by steam or

water power, and stored in receivers from which it is led to the

drills through iron pipes. A. great variety of forms of power
drills are available for tunnel work in rock, but they can nearly

all be grouped in one of two classes: (1) Percussion drills, and

(2) Rotary drills.

Percussion Drills. The first American percussion drill

was patented by Mr. J. J. Couch of Philadelphia, Penn., in

March, 1849. In May of the same year, Mr. Joseph W. Fowle,

who had assisted Mr. Couch in developing his drill, patented a

percussion drill of his own invention. The Fowle drill was

taken up and improved by Mr. Charles Burleigh, and was first

used on the Hoosac tunnel. In Europe Mr. Cav6 patented
a percussion drill in France in October, 1851. This invention

was soon followed by several others ; but it was not until Som-

meiller's drill, patented in 1857 and perfected in 1861, was used

on the Mont Cenis tunnel, that the problem of the percussion

drill was practically solved abroad. Since this time numer-

ous percussion drill patents have been taken out in both

America and Europe.
A percussion drill consists of a cylinder, in which worl

piston carrying a long piston rod, and which is supported in

such a manner that the drill clanijed to the end of tin- piston

rod alternately strikes and is withdrawn from the rock as the

ID reciprocates back and forth in the cylinder. Means are

devised by which the j.istuii rod and drill turn slightly on their

axis alter each stroke, and also by which the drill is fed for-

ward or advanced as the depth of the drill-hole increases.

The drills of this type which are in most common use in

America are the Ingersoll-Ser^eant and the IJ.-md. Thereare

various other makes in common use. however, which differ
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from the two named and from each other chiefly in the methods

by which the valve is operated. All of these drills work either

with direct steam pressure or with compressed air. Workable

percussion drills operated by electricity are built, but so far

they do not seem to have been able to compete commercially
with the older forms. No attempt will be made here to make

a selection between the various forms of percussion drills for

tunnel work, and for the differences in construction and the

merits claimed for each the reader is referred to the makers of

these machines. All of the leading makes will give efficient

service. It goes almost without saying that a good percussion

drill should operate with little waste of pressure, and should

be composed of but few parts, which can be easily removed and

changed.
Drill Mountings. For tunnel work the general European

practice is to mount power drills upon a carriage moving on

tracks in order that they may be easily withdrawn during
the firing of blasts. Connection is made with the steam or

compressed air pipes by means of flexible hose which can

easily be attached or detached as the drill advances or when it

is moved for repairs or during blasts. Two, four, and sometimes

more drills are mounted and work simultaneously on a single

carriage. In America it has been found that column mount-

ings have been more successful for tunnel work than any other

form. The column mounting made by the Ingersoll-Sergeant

Drill Co. is shown by Fig. 13. In using this form of mounting
no tracks or other special apparatus is required ;

it is not

necessary, as is the case with the carriage mounting, to remove

the debris before resuming operations, but as soon as the blast-

ing has been finished and the smoke has sufficiently disap-

peared the column can be set up and drilling resumed.

Rotary Drills. Rotary drilling machines, or more simply

rotary drills, were first used in 1857 in the Mont Cenis tunnel.

The advantages claimed for rotary drills in comparison with

percussion drills are : (1) That less power is required to drive
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the drill, and the power is better utilized ; (2) once the ma-

chines work easily they do not require continual refiairs, and

(3) in driving holes of large size the interior nucleus is taken

PlO. 13. Column Mounting for IVr<Miloii Drill : li it rrlll Co.

away intact, thus reducing work and increasing the sne<-<l -f

drilling. Kot.irv drills ;m- extensively usod for geological,

mining, well-driving, :ind ]>roperting purposes : lint Uioy are

vrrv seldom -tii|ilM\cl i:i tunnels in Amerir^ although
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fully used for this purpose in Europe. The reason they have

not gained more favor among American tunnel builders is due to

some extent perhaps to prejudice, but chiefly to the great cost

of the machine as compared with percussion drills, and to the

expense of diamonds for repairs. Those who advocate these

machines for tunnel work point out, however, that under ordi-

nary usage the diamonds have a very long life, borings of

700 lin. ft. being recorded without repairs to the diamonds.

The form of rotary drill used chiefly for prospecting pur-

poses is the diamond drill. This machine consists of a hollow

cylindrical bit having a cutting-edge of diamonds, which is

revolved at the rate of from two hundred to four hundred

revolutions per minute by suitable machineiy operated by steam

or compressed air. The diamonds are set in the cutting-edge of

the bit so as to project outward from its annular face and also

slightly inside and outside of its cylindrical sides (Fig. 14).

When the drill rod with the bit at-

tached is rotated and fed forward the

bit cuts an annular hole into the rock ;

the drillings being removed from the

hole by a constant stream of wrater

which is forced down through the hol-
FlG.14. Sketch of Diamond i j -it j j j-i

Drill Bit.
*ow "rul r d an(l emerges, carrying the

debris with it, up through the narrow

space between the outside of the bit and the walls of the hole.

There are various makes of diamond drills, but they all operate

in essentially the same manner.

The rotary drill principally employed in Europe in tunneling
is the Brandt. The cutting-edge of the Brandt drill consists of

hardened steel teeth. The bit is pressed against the rock by

hydraulic pressure, and usually makes from seven to eight revo-

lutions per minute. Some of the water when freed goes

through the hollow bit, keeping it cool, and cleaning the hole of

debris. A water pressure of from 300 to 450 Ibs. per square

inch is required to operate these drills. Rotary rock-drills
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may be mounted either on carriages or on columns for tunnel

work.

EXPLOSIVES AND BLASTING.

When the holes are once drilled, either by hand or power
drills, they are charged with explosives. The principal explo-
sives employed in tunneling are gunpowder, nitroglycerine, and

dynamite.

Gunpowder Gunpowder is composed of charcoal, sulphur,

and saltpeter in proportions varying according to the quality of

the powder. For mining purposes the composition employed
is 65 % saltpeter, 15 # sulphur, and 20 $ charcoal. It is a black

granulated powder having a specific gravity of 1.5 ; the black

color is given by the charcoal ; and the grains have an angular

form, and vary in size from J in. to 3 in. Good blasting

powder should contain no fine grains, which may be detected

by pouring some of the powder upon a sheet of white paper.

The force developed by the explosion of gunpowder is not

accurately known ; it depends upon the space in which it is

confined. Different authorities estimate the pressure at from

15,000 Ibs. per sq. in. in loose blasts to 200,000 Ibs. per sq. in.

in gunnery. Authorities also differ in opinion as to the

character of the gases developed by the explosion of gun-

powder, a matter of vital concern to the tunnel engineer, since

they are likely to affect the health and comfort of his work-

men. It may be assumed in a general way, however, that the

oxygen of the saltpeter converts nearly all of the carlion of

the charcoal into carbon dioxide, a portion of which combine*

with the potash of the saltjK'ter to form carbonate of potaah,

the remainder continuing in the form of gas. The sulphur in

converted into sulphuric acid, and forms a sulphate of potn*h,

which by reaction is decomposed into hyposulphite and sul-

phide. The nit re lire n of the salt|K>tpr is almost entirely evolved

in a free state : and the oarlmn not having l*en whollv burnt

into carbonic acid, there is a proportion of carbonic oxide.
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Nitroglycerine. Nitroglycerine is one of the modern explo-
sives used as a substitute for gunpowder. It is a fluid pro-

duced by mixing glycerine with nitric and sulphuric acids
; it

freezes at +41 F., and burns very quietly, developing carbonic

acid, nitrogen, oxygen, and water. By percussion or by the

explosion of some substances, such as capsules of gunpowder
or fulminate of mercury, nitroglycerine produces a sudden

explosion in which about 1,250 volumes of gases are pro-

duced. The pressure of these gases has been calculated at

26,000 atmospheres, or 324,000 Ibs. per sq. in. Nitroglycerine

explodes very easily by percussion in its normal state, but with

great difficulty when frozen
; hence, in America, at the begin-

ning of its use, it was transported only in a frozen state. When

dirty, nitroglycerine undergoes a spontaneous decomposition

accompanied by the development of gases and the evolution

of heat, which, reaching 388 F., causes it to explode. Not-

withstanding the enormous pressures which nitroglycerine de-

velops, it is very seldom used in its liquid state, but is mixed

with a granular absorbent earth composed of the shells of

diatoms. The fluid undergoes no chemical change by being

absorbed, and explodes, freezes, and burns under the same con-

ditions as in the fluid state.

Dynamite The credit of rendering nitroglycerine available

for the purposes of the engineer by mixing it with a granular

absorbent is due to Albert Nobel of Stockholm, Sweden, who
named the new material dynamite. The nitroglycerine in

dynamite loses very little of its original explosive power, but

is very much less easily exploded by percussion, and can be

employed in horizontal as well as vertical holes, which was, of

course, not possible in its liquid state. Dynamite must contain

at least 50 % of nitroglycerine. Some manufacturers, instead of

diatomaceous earth, use other absorbents which develop gases

upon explosion and increase the force of the explosion. These

mixtures are classed under the general name of false dyna-

mites. A great many varieties of dynamite are manufactured,
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and each manufacturer usually makes a number of grades to

which he gives special names. Dynamite for railway work*

tunneling, and mining contains about 50 of nitroglycerine; for

quarrying about 35 ^ and for blasting soft rocks about 80 ^.

It is sold in cylindrical cartridges covered with pajH-r.

Storage of Explosives. In driving tunnels through rock

large quantities of explosives must be used, and it is m i nrmrjr
to have some safe place for storing them. In many States

there are special laws governing the transportation and storage
of explosives ; where there is no regulation by law the engineer
should take suitable precautions of his own devising. It is

best to build a special house or hut in one of the most con.

cealed portions of the work and away from the tunnel, and

protect it with a lightning-rod and from fire. Strict orders

should be given to the watchman in charge not to allow perx-ns

inside with lamps or fire in any form, and smoking should !*

prohibited. The use of hammers for opening the 1-

should be prohibited; and dynamite, gunpowder, and fulminate

of mercury should not l>e stored together in the same room.

A quantity of dynamite for two or three days' consumption

may be stored near the entrance of the tunnel in a locked |M.\,

the keys of which are kept by the foreman of the work.

When dynamite has been fro/en the engineer should provide

some arrangement by which it may be heated to a tcmjM-raturo

not exceeding 120 F., and absolutely forbid it U-ing thawed

out on a stove or by an open fire.

Fuses. When gunpowder is used in tunneling it is ignited

by the Bliekford match. This match, or fuse as it is more

commonly called, consists of a small rope of yarn or cotton

having as a core a small continuous thread of fine gunjxnvder.

To protect the outside of the fuse from moisture it IB coated

with tar or some other impervious substance. These fuses are

so well made that they burn very uniformly at the rnto of

about 1 ft in 20 seconds, hence the moment o/ explosion can

be pretty accurately fixed beforehand. Bliekford matches
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have the objection for tunnel work of burning with a bad odor,

especially when they are coated with tar, and to remedy this

many others have been invented. Those of Rzika and Franzl are

the best known of these. The former has many advantages, but

it burns too quickly, about 3 ft. per second, and is expensive ;

the latter consists of a small hollow rope filled with dynamite.
Blickford matches cannot be used to explode dynamite, the

use of a cartridge being required. These cartridges are small

copper cylinders containing fulminate of mercury. They may
be attached to the end of the Blickford match, which being

ignited the spark travels along its length until it reaches the

copper cylinder, where it explodes the fulminate of mercury,
which in turn explodes the dynamite. Blasts may also be fired

by electricity, which, in fact, is the most common and the

preferable method, because several blasts can be fired simulta-

neously, and because the current is turned on at a great dis-

tance, thus affording greater safety to the workmen.

The method of electric firing generally employed in America

is known as the connecting series method, and consists in firing

several mines simultaneously. The ends of the wires are

scraped bare, and the wire of the first hole of the series is

twisted together with the wire of the second hole, and so on
;

finally the two odd wires of the first and last holes are connected

to two wires of a single cable or to two separate cables extend-

ing to some safe place to which the men can retreat. Here the

two cable wires are connected by binding screws to the poles of

a battery, or sometimes to a frictional electric machine. The cur-

rent passes through the wires, making a spark at each break, and

so fires the fulminate of mercury, which explodes the dynamite.

Simultaneous firing by electricity by utilizing the united

strength of the blasts at the same instant secures about 10 ^

greater efficiency from the explosives. Another advantage

of electric firing is that in case of a missfire of any one of the

holes there is slight possibility of explosion afterwards, and the

place can be approached at once to discover the cause.
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Tamping. -
'ramping is the material placed in the hole above

the explosive to prevent the gases of exploMon from escaping
into tlie air. Tamping generally consists of clay. When gun-

powder is used the clay must be well rammed with a wooden

tool, and paper, cotton, or some other dry material must be

placed between the moist clay and the powder. When dyna-
mite is used it is not necessary to ram the tamping, since the

suddenness of the explosion shatters the rock l>efore the clpy

can be driven from the hole.

A few experienced men should be appointed to fire the

blasts. These men should give ample warning previous to the

blast in order that all machinery and tools which might be

injured by flying fragments may be removed out of danger, and

so that the workmen may seek safety. When all is ready they

should fire the blasts, keeping accurate count of the explosions

to ensure that no holes have missed fire, and should call the

workmen back when all danger is over. In case any hole has

missed fire it should be marked by a red lamp or flag.

Nature of Explosions. When the explosives are ignited a

sudden development of gases results, producing a sudden ami

violent increase of pressure, usually accompanied by a loud

report. The energy of the explosion is exerted in all directions

in the form of a sphere having its center at the point of explo-

sion, and the waves of energy lose their force as the distance

frmii this central point increases. The energy of the explosion

at any point in the sphere of energy is, therefore, inversely

proportional to the distance of this point from the center of

explosion. In the vicinity of the center of explosion the gaaea

have sufficient power to destroy the force of cohesion and

shatter the rock ; further on, as they lose strength, they only

destroy the elasticity of the material and produce cracks; and

still further away they only produce a shock, and do not affect

the material. Within the sphere of energy there are, therefore,

three other concentric spheres: the first one being where

cohesion is destroyed, the second where elasticity if overcome,



and the third where the shock is transmitted by elasticity.

When tlie latter sphere comes below the surface, the gases

ivuiain inside the rock; but when the surface intersects either

of the other two spheres, the gases blow up the rock, forming a

enne or cmter, whose apex is at the point of explosion, and

whieh is called the blasting-cone. The larger the blasting-cone

is. the greater is the amount of rock broken up; and the object

of the engineer should, therefore, always be so to regulate the

depth of the hole and the quantity of explosive as to secure the

largest possible blasting cone in each case. Experiments are

required to determine the most efficient depth of hole, and

quantity of explosive to be employed, since these differ in

different kinds of rock, with the position of the rock strata,

etc. ; but in ordinary practice, the depths of the holes are made

from l ft. to 2 ft. in the. heading and upper portion of the

tunnel, when drilled by hand ;
and from 3 ft. to 5 ft. when

drilled by power drills. In the lower portion of the profile, the

holes are made deeper, from 3 ft. to 4 ft. when drilled by
hand, and exceeding 5 ft. when drilled by power. The dis-

tance of the holes apart should be about equal to the diameter

of the blasting-cone; as a general rule it is assumed that the

base of the blasting-cone has a diameter equal to twice the

depth of the hole. The following table gives the average
number of holes required in each part of the excavation for the

St. Gothard tunnel :

HO. OF PART* NAME OF PABT XO. OF HOLES

1. Heading 6 to 9

2. Right wing of heading 3 to 5

3. Left wing of heading 3 to 5

4. Shallow trench with core 2
6. Deepening of trench to floor 6 to 9

6. Narrow mass of core to left 3
7. Greater mass of core to left 6 to 9
8. Culvert 1

Total section 30 to 43

The location of the parts numbered is shown by Fig. 15, p. 32.
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The quantity of explosives required for blasting depends

upon the quality of the rock, since the force of the explosives

must overcome the cohesion of the rock, which varies with its

nature, and often differs greatly in rocks of the same kind and

composition. The quantity of explosives required to semiv

the greatest efficiency in blasting any particular rock may bv

determined experimentally, but in practice it is usually di-dm -<-d

by the following rules: (1) The blasting force is directly pro-

portional to the weight of th- explosives used, and (2) the bulk

of the blasted rock is proportional to the cube of the depth of

the holes. It is usually assumed, also, that the explosive

should fill at least one-fourth the depth of the hole.
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CHAPTER IV.

GENERAL METHODS OF EXCAVATION: SHAFTS:
CLASSIFICATION OF TUNNELS.

A NUMBER of different modes of procedure are followed in

excavating tunnels, and each of the more important of these

will be considered in a separate chapter. There are, however,

certain characteristics common to all of these methods, and

these will be noted briefly here.

Division of Section. It may be asserted at the outset that

the whole area of the tunnel section is not ordinarily excavated

at one time, but that it is removed in sections, and as each

section is excavated it is thoroughly

timbered or strutted. The order in

which these different sections are

excavated varies with the method of

excavation, and it is clearly shown

for each method in succeeding chap-

ters. As a single example to illus-

trate the proposition just made, the

division of the section and the se-

quence of excavation adopted at the
OI./^AI_ J i i LJ^T?-ot Gothard tunnel is selected (*ig.

15). The different parts of the

section were excavated in the order numbered ;
the names given

to each part, and the number of holes employed in breaking it

down, are given by the table on page 30. Whatever method is

employed, the work always begins by driving a heading, which

is the most difficult and expensive part of the excavation. All

the other operations required in breaking down the remainder

Fi<;. 15. Diagram Showing Sequence
of Excavation for st. Gothard
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of the tunnel section are usually designated by the general

term of enlargement of the profile. The various operations of

excavation may, therefore, be classified either as excavation

of the heading or enlargement of the profile.

Excavation of the Heading. There is considerable confusion

among the dilYerent authorities regarding the exact definition

of the term "heading" as it is used in tunnel work. Some
authorities call a small passage driven at the top of the profile

a heading, and a similar passage driven at the bottom of the

profile a drift; others call any passage driven parallel to the

tunnel axis, whether at the top or at the bottom of the profile,

adrift; and still others give the name "
heading" to all such

iges. For the sake of distinctness of terminology it sem.s

preferable to call the passage a heading when it is located at

the top of the profile, and a drift when it is located near the

bottom.

Headings and drifts are driven in advance of the general

excavation for the following purposes: (1) To fix correctly

the axis of the tunnel; (2) to allow the work to go <>n at

different points without the gangs of laborers interfering with

each other; (3) todetect the nature of material to \tc dealt with

and to be ready in any contingency to overcome any trouble

caused by a change in the soil : and (4) to collect the water.

The dimensions of headings in actual practice vary according

to the nature of the soil through which they are driven. As

a general rule they should not l>e less than 7 ft. in height,

to allow the men to work standing, and have room left for the

roof strutting. The width should not be less than
'

fi.. to

allow two men to work at the front, and to give room for

the material cars without interfering with the wall strutting.

Usually headings are made X ft. wide. The length of headings
in practice varies according to circumstances. In \ei\ long
tunnels through hard rock the headings are sometimes ex-

cavated from 1000 ft. to 2000 ft. in advance, in order that thev

may : -on as possible and the ranging of the center line
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be verified, and so that as great an area of rock as possible may-

be attacked at the same time in the work of enlarging the

profile. In short tunnels, where the ranging of the center line

is less liable to error, shorter headings are employed, and in soft

.soils they are made shorter and shorter as the cohesion of the soil

decreases. When the material has too little cohesion to stand

.alone, the tops and sides of the heading require to be supported

by strutting. To prevent caving at the front of the heading,

the face of the excavation is made inclined, the inclination

following as near as may be the natural slope of the material.

Enlargement of the Profile. The enlargement of the profile

is accomplished by excavating in succession several small

prisms parallel to the heading, and

its full length, which are so located

that as each one is taken out the

cross-section of the original her.ding

is enlarged. The number, location,

and sequence of these prisms vary
in different methods of excavation,

and are explained in succeeding

chapters where these irethods are

described. To direct the excava-
Pio. 16. Diagram Showing Manner

of Determining Correspondence of tion SO as to keep it always Within
Excavation to Sectional Profile. ,11 i . P ,

the boundaries of the adopted pro-

file, the engineer first marks the center line on the roof of the

heading by wooden or metal pegs, or by some other suitable

means by which a plumb line may be suspended. He next

<lraws to a large scale a profile of the proposed section ; and

beginning at the top of the vertical axis he draws horizontal

lines at regular intervals, as shown by Fig. 16, until they inter-

sect the boundary lines of the profile, and designates on each

of these lines the distance between the vertical axis and the

point where it intersects the profile. It is evident that if the

foreman of excavation divides his plumb line in a manner corre-

sponding to the engineer's drawing, and then measures horizon-
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tally and at right angles to the vertical renter plane of the

tunnel the distance designated on the horizontal lines of the

drawing, he will have located points on the profile of the sec-

tion, or in other words have established the limits of excava-

tion.

In the excavation of the Croton Aqueduct for the water

supply of New York city, an instrument called a polar pro-

tractor was used for determining the location of the sectional

FlO. 17. Polar Protractor tt>r Poterminlng Profile of KxcTtsl CltMi Beetlon.

profile. This instrument consists of a circular disk graduated

to degrees, and mounted on a tripod in such u manner that

it may be leveled up, and also have a vertical motion and a

motion about the vertical axis. The construction is shown

clearly by Fig. 17. In use the device is mounted with its

center at the axis of tli- tunnel. A light wooden measuring-

rod ta|tcnii'4 to a point. >ln>d with brass and graduated to feet

and hundivdths of a foot, lies UJNUI the wooden arm or rest.

which revolves upon the face of the disk, and slides out to
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a contact with the surface of the excavation at such points

as are to be determined. If the only information desired is

whether or not the excavation is sufficient or beyond the es-

tablished lines, the rod is set to the proper radius, and if it

swings clear the fact is determined. If a true copy of the

actual cross-section is desired, the rod is brought into contact

with the significant points in the cross-section, and the angles

and distances are recorded.

The general method of directing the excavation in enlarging

the profile by referring all points of the profile to the vertical

axis is the one usually employed in tunneling, and gives good
results. It is considered better in actual practice to have the

\ation exceed the profile somewhat than to have it fall

short of it, since the voids can be more easily filled in with

riprap than the encroaching rock can be excavated during the

building of the masonry. In tunnels where strutting is neces-

sary, the excavation must be made enough larger than the

finished section to provide the space for it. In soft-ground

tunnels it is also usual to enlarge the excavation to allow for

the probable slight sinking of the masonry. The proper allow-

ance for strutting is usually left to the judgment of the fore-

man of excavation, but the allowance for settlement must be

fixed by the engineer.

SHAFTS.

Shafts are vertical walls or passages sunk along the line of

the tunnel at one or more points between the entrances, to

permit the tunnel excavation to be attacked at several different

points at once, thus greatly reducing the time required for

excavation. Shafts may be located directly over the center

of the tunnel or to one side of it, and, while usually vertical,

are sometimes inclined. During the construction of the tunnel

the shafts serve the same purpose as the entrances
; hence they

must afford a passageway for the excavated materials, which
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have to be hoisted out, and also for the construction tools and

matt-rials which have to be lowered down them. They must

also afford a passageway for workmen, dnift animals, and for

pipes- for ventilation, water, compressed air, etc. The character

of this traffic indicates the dimensions required, hut these de-

pend also up >:i the method of hoisting employed. Thus, when

a windlass or horse gin is used, and the materials are hoisted

in buckets of small dimensions, the dimensions of the shaft may
also IK? small; but when steam elevators are employed, and the

material is carried on cars run on to the platform of the elevator,

large dimensions must be given to the shaft. Generally the

parts of the shaft used for different purposes are separated by

partitions. The elevator for workmen and the various pipes

are placed in one compartment, while the elevator for hoisting

t'.ie excavated material and lowering construction material is

placed i:i another.

Shaft-; nny be either temporary or permanent. They are

temporary when they are filled in after the tunnel is completed,
and permanent \\heit they are left open to supply ventilation

to the tunnel. lYrmancnt shafts are usually made circular, and

lined with brick, unless excavated in very hard and durable

rock. \Vhe:i sunk for temporary use only, shafts are usually

m.ide rectangular with the greater dimension transverse to the

t innel. They are strutted with timber. A pump is generally

located at the bottom of the shaft to collect the water \\hich

in from the sides of the shaft and from the tunnel

excavation. The dimensions of this pump will of course vary

with the amount of water encountered, as will also the capacity

of the pump for forcing it up and out of the shaft, which has

always to be kept dr\ .

The maj .lily of engineers prefer to sink shrifts directly

over the center line of the tunnel. Side shafts are employed

chiefly by I-Yeiich engineers. The chief advantage of the

former method is the givat facility which it affords for hoisting

out the materials, while in favor of the latter method is the
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non-interference of the shaft with the operations inside the

tunnel. Were it not that the side shaft requires the intro-

duction of a transverse gallery connecting it with the tunnel,

it \\oiild IK- mi the whole superior to the center shaft; but the

side gallery ne< essitates turning .tin- cars at right angles, and

ci.n>equentlv the use of a very sharp curve or a turntable to

reach the shaft bottom, which is a disadvantage that may
outweigh its advantages in SOUK- other respects. It is impos-

sible to state absolutely which of these methods of locating

shafts is the l>est : both present advantages and disadvantages,

and the use of one or the other is usually determined more by
the local conditions than by any general superiority of either.

When side shafts are employed they are sometimes made

inclined instead of vertical. This form is used when the depth
of the shaft is small. By it the hauling is greatly simplified,

since the cars loaded at the front with excavated material can

be hauled directly out of the shaft and to the dumping-place,

surmounting the inclined shaft by means of continuous cables.

The short galleries connecting the side shafts with the tunnel

proper usually have a smaller section than the tunnel, but are

\ ated in exactly the same manner. Another form of side

shaft sometimes used is one reaching to the surface when
the tunnel runs close to the side of cliff, as is the case with

Borne of the Alpine railway tunnels.

CLASSIFICATION OF TUNNELS.

Tunnels are classified in various ways, but the most logical

method would appear to be a grouping according to the quality
of the material through which they are driven ; and this method
will IK; adopted here. By this method we have first the fol-

lowing general classification: (1) Tunnels in hard rock; (2)
tunnels in ordinary loose soil; (3) tunnels in quicksand;
( 4 ) open-cut tunnels ; and (5) submarine tunnels. It is hardly

necessary to say that this classification, like all others, is simply
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an arbitrary arrangement adopted for the sake of order and

convenience in treating the subject.

Tunnels in Hard Rock. With the numerous labor-saving'

methods and maehines now available, hard rock is perhaps the

safest and easiest of all materials through which to drive &

tunnel. Tunnels through hard rock may be excavated, either

by a drift or by a heading. The difference depends upon
whether the advance gallery is located close to the floor or

near the soffit of the section.

Tunnels in Loose Soils. In driving tunnels through loose

soils many different methods have been devised, which may be

grouped as follows: (1) Tunnels excavated at the soffit

Belgian method ; (2) tunnels excavated along the perimeter

German method; (3) tunnels excavated in the whole sec-

tion English and Austrian methods; (4) tunnels excavated

in t\vo halves independent of each other Italian method.

(1) Excavating the tunnel by beginning at the soffit of

the section, or by the Belgian method, is the method of tunnel-

ing in loose soils most commonly employed in Europe at the

present time. It consists in excavating the soffit of tin*

section first; then building the arch, which is supported npo:i

tin- unexcavated ground; and finally in excavating the lower

portion of the section, and building the side walls and

invert

(2) In excavating tunnels along the perimeter an annular

excavation is made, following closely the outline of the sec-

tional profile in which the lining masonry is built, after whirli

the center core is excavated. In the (iennan method two>

drifts are opened at each side of the tunnel near the l>ottom.

Other drifts are excavated, one above the other, on each sido

i" extend or heighten the first two until all the perimeter is

open except across the l>ottom. The masonry lining is then

built from the bottom upwards on each side to the crown of

the arch, and then the center core is removed and the invert

is built
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(3) This method, as its name implies, consists in taking

out .short lengths of tli-' whole sectional profile before begin-

ning the buil.ling of Uie masonry. In tin* Knglish method

tin- lengths of section excavated vary from 10 ft. to 25 ft.

The masonry invert is luiilt first, then the side walls, and

finally the arch. The excavators and the masons work alter-

nately, the excavation being stopped while the masonry is

U-in^ built, and vice versa. The Austrian method differs in

two particulars from the Knglish: the length of section opened
is made great enough to allow the excavators to continue work

ahead of the masons, and the side walls and roof are built

U-fore the invert.

(4) The Italian method is very seldom employed on account

of its e \pensiveuess, but it can often be used where the other

methods fail. It consists in excavating the lower half of the

section, and building the invert and side walls, and then filling

the space between the walls in again except for a narrow
-- _>\\..\ for the cars ; next the upper pert of the section is

\ated.as iii the Belgian method, and the arch is built; and

finally the soil in the lower part is permanently removed.

Tunnels in Quicksand. Tu:i:iels through quicksand are

driven ly one of the ordinary soft-ground methods after drain-

ing auay the water, or else as submarine tunnels.

Open-Cut Tunnels. Open-cut tunnels are those driven at

such a small depth under the surface that it is more convenient

to excavate an ojien cut, build the tunnel masonry inside it,

and then refill the open spaces, than it is to carry on the work

entirely underground. In firm soils the usual mode of opera-

tion is to excavate first two parallel trenches for the side walls,

then remove the core, and build the arch and the invert. In

unstable soils, since the invert must be built first, it is usual

to open up a single wide trench. In infrequent cases where

a tunnel is desired in a place which is to be filled in, the

masonry is built as a surface structure, which in due time is

covered.
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Submarine Tunnels. The mode of procedure followed in

excavating submarine tunnels depends upon whether the mate-

rial penetrated is pervious or impervious to water. In imper-

vious material any of the ordinary methods of tunneling found

suitable may K; employed. In pervious material the exi-ava-

tion may be accomplished either by means of compressed air

to keep the water out of the excavation, or by means of a

shield closing the front of the excavation, or by a combination

of these two methods. Tunnels on the river bed are built by
means of coffer dams which inclose alternate portions of the

\\ork, or by sinking a continuous series of pneumatic caissons

and opening communication between them.

Ml 1 I|0|'- Ml'
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The above diagram gives in compact form the classifica-

tion of tunnels according to materials penetrated and methods

of rxravation adopted, which have been described more fully

in the preceding paragraphs. It may be noted here again that

this is a purely arbitrary classification, and serves mostly as a

convenience in discussing the different classes of tunnels with-

out confusion.
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CHAPTER V.

METHODS OF TIMBERING OR STRUTTING
TUNNELS.

THE purpose of timbering or strutting in tunnel work is to

prevent the caving-in of the roof and side walls of the exca-

vation previous to the construction of the lining. As the

strutting has to resist all the pressures developed in the roof

and side walls, which may be exceedingly troublesome and

of great intensity in loose soils, its design and erection call

for particular care. The method of strutting adopted depends

upon the method of excavation employed ; but in every case

the problem is not only to build it strong enough to withstand

the pressures developed, but to do this as economically as

possible, and with as little hindrance as may be to the work

which is going on simultaneously and which will come later.

Only the latter general problems of strutting i*culiar to all

methods of tunnel work will l>e considered here. For this

consideration strutting may be classified according to the

material of which it is built, under the heads of timber struc-

tures and iron structures.

TIMBER STRUTTING.

Timber is nearly always employed for strutting in tunnel

work. So long as it has the requisite strength, any kind of

timber is suitable for strutting, since, it hoing only temporarily

employed, its durability is a matter of slight importance.
Timber with good elastic properties, like j.ine or spnii

preferably chosen, since it yields gradually under stress, thus



44 TUNNELING

warning the engineer of the approach of danger; while oak and

other strong timbers resist until the last moment, and then

\ield suddenly under tin- breaking load. Soft woods, moreover,

are usuallv lighter in weight than hard woods, which is a con-

siderable advantage where so much handling is required in

a ivstrieted sp.ice. Round timbers are generally employed,

si:u-e thev are less expensive, and quite as satisfactory in other

respects as sawed timbers. In the English and Austrian

methods of strutting, which are described further on, a few

of the principal struts are of sawed timbers.

The various timbers of the strutting are seldom

attached by framed joints, but wedges are used

to give them the necessary

bearing against each other.

Where framed joints are em-
Fio.i8.-joining Tmmei struts pioyed they are made of the

by Halving.
J

simplest form usually byJ J FJG. 19. Round

halving the joining timbers, as shown by Fig. 18. Timber Post

Fig. 19 shows a form of joint used where round
g

dcaPBear-

posts carry beams of similar shape. The reason why
it is possible to do away with jointed connections to such a

great extent, is that the strains which the timbers have to

resist are either compressive or bending strains, and because

the timbei-s are so short that they do not require to be spliced.

Strutting of Headings. The method of strutting the head-

ing that is employed depends upon the material through which

the heading is driven. In solid rock strutting may not be

required at all, or only for the purpose of preventing the

fall of loose blocks from the roof, then vertical props are

erected where required, or horizontal beams are inserted into

the side walls, as shown by Fig. 20. These horizontal beams

may be used singly at dangerous places, or they may be placed

from 2 ft to 3 ft. apart all along the heading. In the latter

case they usually carry a lagging of planks, wrhich may be

placed at intervals or close together, and filled above "with
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stone in case the roof of the excavation is very unstable.

Planks used in this manner are usually called p< ding-boards.
Where the side walls as well as the roof require support,

20. Ceiling Strutting for

Tumifl Hoofs.

Fi-.. '.'1. ' .

vertical side posts are employed to carry the roof beams, as

shown by Fig. 21; and, when necessary, poling-lxiarda are

inserted between these posts and the walls of the excavation.

Frame Mnittimj. In very loose soils not only the roof and

side walls, but also the floor of the heading require strutting.

Flo. 22. Sill. SMo Podt and Cap
Knmr Strtittlnu.

Fro. 23. Rflnforcwl rnnw Fnun*
Strnttlnu (r Trrm-hrri.iw MitlrrlnU.

In these cases frame strutting is ciii||oyod, as shnwn 1y Fig.

22. It consists simply of a rretaiitfiilar frame ; at tlio top

there is a crown bar supported by two vertical side posts
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setting on a sill laid across the bottom of the heading. These

frames are spaced at close intervals, and carry longitudinal

planks or poling-boards. The sill of the frame is sometimes

omitted when the soil is stable enough to permit it, and in its

place wooden footing blocks are substituted to carry the side

(Mists. In soils where the pressures are great enough to bend

the crown bar, a secondary frame is employed, as shown by

Fig. 23, the two inclined roof members, or rafters, of which

sii|>i>ort the crown bar at the center.

It is the more common practice in driving headings through

soft soils to use inclined poling-boards to support the roof.

FIG. 24. Longitudinal Pollng-Board Sys-

tem of Roof Strutting.

FIG. 25. Transverse Poling-Board System
of Roof Strutting.

Fig. 24 shows one method of doing this. The method of

operation is as follows : Assuming the poling-boards a and b

to be in place, and supported by the frames A, B C, as shown,

the first step in continuation of the work is to insert the

poling-board c over the crown bar of frame C, and under the

block m. Excavation is then begun at the top, and as fast as

the soil is removed ahead of it the poling-board c is driven

.ahead until its rear end only slightly overhangs the crown bar

of frame C. The remainder of the face of the heading is then

excavated nearly to the front end of the poling-board <?, and

another frame is set up. By a succession of these operations
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the heading is advanced. The idling-boards at the sides of

the heading are placed in a similar manner to the roof poling-

boards. A second method of using inclined poling-boanls is

shown by Fig. 25. Here the poling-boards run transversely,

and are supported ly the arrangement of timliering shown.

The chief advantage of using these inclined poling-boards,

particularly in the manner shown by Fig. 24, is that the

excavators work under cover at all times, and are thus safe

from falling fragments or sudden cavings.

Box Strutting. In very treacherous soils, such as quick-

sand, peat, and laminated clay, box strutting is commonly em-

ployed. The method of building this strutting is to set up at

the face of the work a rectangular frame, and use it as a guide

in driving a lagging or boxing of horizontal plunks into the

soft soil ahead. These planks have sharp edges, and are driven

to a distance of 2 ft. or 3 ft. into -the face of the heading, so as

to inclose a rectangular body of earth. This earth is excavated

nearly to the ends of the planks, and then another frame is

inserted close up against tin- new lace of the excavation, which

supjiorts the planks so that the remainder of the earth included

by them may be removed. These two frames, with their plank

lading, constitute a "box;" and a series of these boxes, one

succeeding another, form the strutting of the heading.

Strutting the Face. In some cases it is found necessary

to strut the fare of the heading in order to prevent it from

caving in. This is generally done by setting plank vertically,

ami bracing them up l>y means of inclined props whose feet

almt against the sill of the nearest cross frame. This strutting

is erected while the workmen are placing the side and roof

strutting, and is removed to permit \ .ivation.

Full Section Timber Strutting. I-'oi-strutting tin- full section

two forms of timbering are employed, known as the jxilygonal

system and the longitudinal system.

Longitudinal strutting consists of a timlter structure

arranged as to have all the principal mrml>ers supjMirting the
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poling-boards parallel to the axis of the tunnel. This system
of strutting is peculiar to the English method of tunneling.

The longitudinal timl>ers rest on this finished masonry at one

end, and are carried on a cross frame or by props at the other

end. At intermediate points the longitudinals are braced

apart by struts in planes transverse to the tunnel axis. This

construction makes a very strong strutting framework, since

the transverse struts act as arch ribs to stiffen the longitu-

dinals; but the use of transverse poling-boards requires the

excavation of a larger cross-section than is necessary when longi-

tudinal poling-boards are employed, and this increases the

cost both for the amount of earth excavated and the greater

quantity of filling required.

In polygonal strutting the main members are in a plane

normal to the axis of the tunnel. They form a polygon whose

sides follow closely the sectional profile of the excavation.

These polygonal frames are placed at more or less short inter-

vals apart, and are braced together by short longitudinal struts

lying close to the sides of the excavation, and running from

one frame to the next, and also by longer longitudinal members

which extend over several frames. The polygonal system of

strutting is peculiar to the Austrian method of tunneling, and

is fully described in a succeeding chapter. One of its distinc-

tive characteristics is that

the poling-boards are in-

serted parallel to the tunnel

axis. Polygonal strutting

is generally held to be

stronger than longitudinal

strutting under uniform

loads, but it is more liable

I- 10. 26. -Shaft with Single Transverse to distortion when the
Strutting.

loads are unsym metrical.

Strutting of Shafts. Tunnel shafts are strutted both to

prevent the caving-in of the sides and to divide them into



TIMKKlMNi; STl:rTTIN(i 49

Fio rutting for Shaft".

compartments. When the material penetrated is very compact,
and caving is not likely, a single series of transverse struts, one

above the other, running from the top to the bottom of the

shaft, as shown by Fig. 26, is used to divide it into two com-

partments. In softer material, where the sides of the shaft

require support, Fig. 27

shows a form of strutting

commonly employed. It

consists of vertical corner

posts braced apart at inter-

valslty fourhorizontal struts

placed close to the walls of

thr shaft. The longer side

struts are also braced apart

at the center by a middle strut which divides the shaft into

two compartments. A lagging of vertical plank is placed

between the walls of the shaft and the horizontal side struts.

In very loose soils the form of strutting shown by Fig. 28 is

employed. This is practically the same construction as is

shown by Fig. 27, with the addition of an interior polygonal

horizontal bracing in each

half of the shaft. Referring

to Fig. 28, the timbers a, /.

etc., are vertical and con-

tinuous from the top to the

bottom of the shaft; and

the horizontal timlx-rs, />, 6,

etc., are spaced at more or

less close intervals verti-

cally. The lagging plank

may be laid with spaces between them, or close together, or,

in case of very loose material, with their edges overlapping.

The manner of constructing the strutting is also governed by
the stability of the soil. In firm soils it is possible to sink the

shaft quite a depth without timbering, and the timbering can

FlO. 28. 1(<>iiifi>M-i-<t l:.'<-t:iiii:ul;ir Fr:inn Strut-

ting for Snafu In Treaclirrou* Material*.
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be erected in sections of considerable length, which is always

an advantage, but in loose soils the timbering has to follow

closely the excavation.

The solid wall shaft struttings which have been desciibed

.are discontinued at the point where the shaft intersects the

tunnel excavation ; and from this point to the floor of the

tunnel an open timbering is employed, whose only duty is to

support the weight of the solid strutting above. This timber-

ing is made in various forms, but the most common is a timber

truss or arch construction which spans the tunnel section.

Quantity of Timber. The quantity of timber employed in

strutting a tunnel varies with the character of the material

through which the tunnel is excavated: it is small for solid-

rock tunnels, and large for soft-ground tunnels. In the Bel-

gian method of excavation a smaller quantity of timber is

used than in any of the other ordinary methods. For single-

track tunnels excavated by this method there will be needed

on an average about 3 to 3J cu. yds. of timber per lineal foot

of tunnel. Practical experience shows that about four-fifths of

the timber once used can be employed for the second time.

In any of the methods in which the whole tunnel section is

excavated at once, the average amount of timber required per
lineal foot is about 8.7 cu. yds. Of this amount about two-

thirds can be used a second time. In the Italian method, in

which the upper half and the lower half are excavated separately,

about 5 cu. yds. of timber are required per lineal foot of tunnel,

about one-half of which can be employed a second time. For

<juicksand tunnels the amount of timbering required per lineal

foot varies from 3 to 5 cubic yds. Shaft strutting requires

from 1 to l cu. yds. of timber per lineal foot.

Dimensions of Timber. The dimensions of the principal mem-
bers composing the strutting of headings, full section, and

shafts, are given in Table I. The planks used for lagging
or the poling-boards are usually from 4 ins. to 6 ins. wide,

with a length depending upon the method of strutting employed.
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TABLE I.
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Showing Sizes of Various Timbers Used in Strutting Tunnels Driven

Through Different Materials.

Headings :

( 'ap-pieces and vertical struts
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Fio. 29. Strut-

ting of Timber
Posts and Rail-

tray Kail Caps.

FIG. 30. Strutting
made entirely of

Railway Rails.

and expensive. The advantages which iron strutting is claimed

to possess over the more common wooden structure are : its

greater strength ; the smaller amount of space which it takes

up ; and the fact that it does not wear out, and may, therefore,

be used over and over again.

Iron Strutting in Headings. In strutting the headings the

cross frames have a crown bar consisting of a section of old

railway rail carried either by wood or iron side posts. When
wooden side posts are used their

upper ends have a dovetail mor-

tise, and are bound with an iron

band, as shown by Fig. 29. The

base of the rail crown bar is set

into the dovetail mortise and

fastened by wedges. When iron

side posts are employed they

usually consist of sections of rail-

way rails, and the crown bar is

attached to them by fish-plate connections, as

shown by Fig. 30. The iron cross frames are set up as the

heading advances, and carry the plank lagging or poling-boards,

exactly in the same manner as the timber cross frames previ-

ously described.

Full Section Iron Strutting. The iron strutting devised by
Mr. Rziha for full section work is shown by Fig. 31. Briefly

described, it consists of voussoir-shaped cast-iron segments,
which are built up in arch form. Fig. 32 shows the construc-

tion of one of the segments, all of which are alike, with the

exception of the crown segment, which has a mortise and

tenon joint which is kept open by filling the mortise with sand.

The segments are bolted together by means of suitable bolt-

holes in the vertical flanges, and when fully connected form an

arch rib of cast iron. This arch rib, A, Fig. 31, carries a series

of angle or T-iron frames bent into approximately voussoir

shape, as shown at B, Fig. 31. Above these frames are inserted
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FIG. 31. Rziha's Combined Strutting and Centering
of Cut Iron.

the poling-boards, running longitudinally, and spanning the

distance between consecutive arch ribs. By removing the l>ent

iron frames the cast-iron rib forms a center upon which to con-

struct the masonry. Fi-

nally, to ivniovr the cast-

iron rib itself, the sand

is drawn out of the mor-

tise and tenon joint in

the crown segment, which

allows the joint to close,

and loosen the segments
so that they are easily

unbutted.

The illustration, Fig.

31, shows longitudinal

poling-boards; more often

longitudinal crown bars

of railway rails span the space between connective arch ribs,

and support transverse poling-boards. In building the masonry,
work is begun at the bottom on each side, the bent iron frames

being removed one after another to give room for the masonry.
As each frame is removed, it is

replaced with a sort of screw-

jack to support the poling-boards

until the masonry is sufficiently

completed to allow their removal.

The interior bracing of the arch

rib shown at a a and b b consists

of railway rails carried by brack-

ets cast on to the segments. A
similar bracing of rails connects the successive arch ribs. These

lines of bracing serve to carry the scaffolding upon which the

masons work in building the lining.

Iron Shaft Strutting. In soft-ground shaft work, tho use of

an iron strutting, consisting of consecutive cast-iron rings, has

I -TnM-Iron Segment of Rziha's

Strutting and Centering.
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sometimes been employed to advantage. Fig. 33 shows the

construction of one of these rings, which, it will be seen, is com-

posed of four segments connected to each other by means of

bolted flanges. The holes shown in the circumferential web of

the ring are to allow for the seepage from the earth side walls.

The method of placing this

cylindrical strutting is to

start with a ring having a

cutting-edge. By means

of excavation inside the

ring, and by ramming,
the ring is sunk into the

ground a distance equal to

its height. Another ring

is then fastened by special hooks on top of the first one, and

the sinking continued until the second ring is down flush with

the surface. . A third ring is then added, and so on until the

entire shaft is excavated and strutted. As in timber shaft

strutting, the solid iron ring strutting is carried down only to

the top of the tunnel section, and below this point there is an

open timber or iron supporting framework.

FIG. 33. Cast-iron Segments! Strutting for

Shafts.
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CHAPTER VI.

METHODS OF HAULING IN TUNNELS.

THE transportation from one point to another within the

tunnel and its shafts of any material, whether it is excavated

spoil or construction material, is defined as hauling. In all

engineering construction, the transportation of excavated

materials, and materials for construction, constitutes a very

important part of the expense of the work; but hauling in

tunnels where the room is very limited, and where work is

constantly in progress over and at the sides of the track, is a

particularly expensive process. Hauling in tunnels may be

done either by way of the entrances, or by way of the shafts,

or 1>\ way of both the entrances and shafts.

Hauling by Way of Entrances. When the hauling is done

by the way of the entrances, the materials to be hauled are.

t;ikm directly from the point

of construction to the en-

trances, or in the opposite di-

rection, by means of special

cars of different patterns. For

general purposes, these differ-

ent patterns of ears may l>c

grouped into three classes,

platform-cars, dump-can, and

box-cars. Representative ex- FI... w. - Platform cr for Tunnel Work,

amples of these several classes

of care are shown in Figs. 34 to 37 *
inclusive, but it will lw

readily understood that there are many other forms.

Briefly described, platform-cars (Fig. 84) consist of a

Reproduced from catalogue of Arthur Koppel. New York.
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FIG. 35. Iron Dump-Car for

Tunnel Work.

wooden platform mounted on tracks, and they are usually em-

ployed for the transportation of timber, ties, etc. Dump-cars
are used in greater numbers in tunnel work than any other

form. Fig. 35 shows a dump-car of metal construction, and

Fig. 36 one constructed with a metal

under-frame uid wooden box. These

cars are made to run on narrow-gauge

tracks, and usually have a capacity of

about one to one and one-half cubic

yards. Box-cars are more extensively

employed in Europe for tunnel work

than in America. Fig. 37 shows a

typical European box-car for tunnel

work. It is made either to run on narrow-gauge or standard-

gauge tracks.

It is usually desirable in tunnel work to employ cars of

different forms for different parts of the work. In rock

tunnels it is a common practice to use narrow-gauge cars of

small size in the headings, and

larger, broad-gauge cars for the

enlargement of the profile.

Where narrow-gauge cars are

employed for all purposes, it will

also be found more convenient

to use platform-cars for handling

the construction material, and

dump-cars for removing the spoil.

The extent to which it is desir-

able tO USe Cars Of different forms Fro. 36.- Wooden Pump-Car for Tunrel
Work.

will depend upon the character

and conditions of the work, and particularly upon how far it is

possible to install the permanent track.

As a general rule, it is considered preferable to lay the

permanent tracks at once, and do all the hauling upon them,

so that as soon as the tunnel is completed, trains may pass
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through without delay. To what extent this may be done, or

whether it can be done at all or not, depends upon the method

of excavation and other local conditions. In soft-ground

tunnels excavated by the English or Austrian methods,

it U quite possible to lay the permanent tracks at first, since

the whole section is excavated at once, and the excavation is

kept but a little ahead of the completed tunnel. In rock

tunnels, where the heading is driven far ahead of the com-

pleted section, it is, of course, impossible to keep the perma-

nent track close to the advance work, and narrow-gauge tracks

must be laid in the heading. The same thing is true in soft-

ground tunnels driven by successive headings and drifts. In

these cases, therefore,

where narrow-gauge
tracks have to be used

for some portions of

the work anyway, the

question comes up
whether it is preferable

Fio. 37 Box-Car for Tunnel Work.
to use temporary
narrow-gauge tracks throughout, or to lay the permanent track

as far ahead as possible, and then extend narrow-gauge tracks

t the advance excavation. In the latter case it will, of course,

be necessary to trans-ship each load from the narrow-gauge to

the standard-gauge cars, or vice versa, which means extra cost

and trouble. To avoid this, the method is sometimes adopted
of laying a third mil.between the standard-gauge rails, so that

either standard- or narrow-gauge cars may be transported over

the line. Whatever form the local conditions may require the

system of construction tracks to assume, it may lie set down as

a general rule that the permanent tracks should !K> kept as far

advanced as fxissihle, and temporary tracks employed only
where the permanent tracks are impracticable.

The motive power employed for hauling in tunnels may be

furnishc 1 l>y animals or by mechanical motors. Animal power
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is generally employed in short tunnels and in the advance

headings and galleries. In long tunnels, or where the exca-

vated material has to be transported some distance away from

the tunnel, mechanical power is preferable, for obvious reasons.

The motors most used are small steam locomotives, special

compressed-air locomotives, and electric motors. Compressed
air and electric locomotives are built in various forms, and are

particularly well adapted for tunnel work because of their

small dimensions, and freedom from smoke and heat.

Hauling by Way of Shafts. \Yhen the excavated material

and materials of construction are handled through shafts, the

operation of hauling may be divided into three processes :

the transportation of the materials along the floor of the

tunnel, the hoisting of them through the shaft, and the sur-

face transportation from and to the mouth of the shaft. These

three operations should be arranged to work in harmony with

each other, so as to avoid waste of time and unnecessary han-

dling of the materials. An endeavor should be made to avoid,

if possible, breaking or trans-shipping the load from the time

it starts at the heading until it is dumped at the spoil bank.

This can be accomplished in two ways. One way is to hoist

the boxes of the cars from their trucks at the bottom of the

shaft, and place them on similar trucks running on the surface

tracks. The other way is to run the loaded cars on to the ele-

vator platform at the bottom, hoist them, and then run them

on to the surface tracks. If the first method is employed, the

car box is usually made of metal, and is provided at its top

edges with hooks or ears to which to attach the hoisting cables.

When the second method is used, the elevator platform has

tracks laid on it which connect with the tracks on the tunnel

floor, and also with those on the surface.

Hoisting Machinery. The machines most commonly em-

ployed for hoisting purposes in tunnel shafts are steam hoisting

engines, horse gins, and windlasses operated by hand. Wind-

lasses and horse gins are rather crude machines for hoisting



METHODS OF HAULING IN TUNNELS 59

loads, and are used only in special circumstances, where the

shaft is of small depth, when the amount of material to be

hoisted is small, or where for any reason the use of hoisting

engines is precluded. The steam hoisting engine is the stan-

dard machine for the rapid lifting of heavy vertical loads.

Recently oil engines and electric hoists have also come to be

used to some extent, and under certain conditions these ma-

chines possess notable Advantage*.

The construction of hand windlasses is familiar to ever}' one.

In tunnel work this device is located directly over the shaft,

with its axis a little more than half a man's height, so that tin-

t-rank handle does not rise above the shoulder line. To develop
its greatest efficiency the hoisting rope is passed around the

windlass drum so that the two ends hang down the shaft, and

as one end descends the other ascends. A skip, or bucket, is

attached to each of the rope ends ; and by loading the descend-

ing skip with construction materials and the ascending skip
with spoil, the two skip loads tend to balance each other, thus

increasing the capacity of the windlass, and decreasing the

manual labor required to operate it. Skips varying from 0.3

cu. yd. to 0.5 cu. yd. are used. The horse gin consists of a

vertical cylinder or drum provided with radial arms to which

tin- horses are hitched, which revolve the cylinder by walking
around it in a circle. The hoisting rope is rove around the

drum so that the two ends extend down the shaft with skips

attached, as described in speaking of the hand windlass. The

power of the horse gin is, of course, much greater than that of a

windlass operated by hand, skips of 1 cu. yd. capacity being

commonly used. Horse gins are no longer economical hoisting

machines, according to one prominent authority, when V
(114-20) > 5000, where V equals the volume of material to

be hoisted, and H equals the height of the hoist, the weight of

tin- i-x< avated material being 2100 llw. per cu. yd. AH a gen-

eral rule, however, it is assumed that it is not economical to

employ horse gins with a depth of shaft exceeding 150 ft.
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As already stated, the most efficient and most commonly
used device for hoisting at tunnel shafts is the steam hoisting

engine. There are numerous builders of hoisting engines, each

ol \\hk-h manufactures several patterns and sizes of engines.
In each case, however, the apparatus consists of a boiler supply-

ing steam to a horizontal engine which operates one or more

rope drums. The engines are always reversible. They may
be employed to hoist the skips directly, or to operate elevators

upon which the skips or cars are loaded. In either case the

hoisting ropes pass from the engine drum to and around ver-

tical sheaves situated directly over the shaft so as to secure the

necessary vertical travel of the ropes down the shaft. Where
the shaft is divided into two compartments, each having an ele-

vator or hoist, double-drum engines are employed, one drum

being used for the operations in one compartment, and the other

for the operations in the other compartment. Where the work

is to be of considerable duration, or when it is done in cold

weather, more or less elaborate shelters or engine houses are

built to cover and protect the machinery.
Choice between the method of hoisting the skips directly,

and the method of using elevators, depends upon the extent and

character of the work. Where large quantities of material are

to be hoisted rapidly, it is generally considered preferable to

employ elevators instead of hoisting the skips directly. In

direct hoisting at high speed, oscillations are likely to be pro-

duced which may dash the skips against the sides of the 'shaft

and cause accidents. The loads which can be carried in single

skips are also smaller than those possible Avhere elevators are

used ; and this, combined with the slower hoisting speed required,

reduces the capacity of this method, as compared with the use

of elevators. Where elevators are employed, however, the plant

required is much more extensive and costly ; it comprising not

only the elevator cars with their safety devices, etc., but the

construction of a guiding framework for these cars in the tun-

nel shaft. For these various reasons the elevator becomes the
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preferable hoisting device where the quantity of material to be

handled is large, where the shafts are deep, and where the work

will extend over a long period of time ; but when the contrary

conditions are the case, direct hoisting of the skips is generally

the cheaper. The engineer has to integrate the various factors

in each individual case, and

determine which method will

best fulfill his purpose, which

is to handle the material at

the least cost within the

given time and conditions.

The construction of ele-

vators for tunnel work is

simple. The elevator car

consists usually of an open
framework box of timber and

iron, having a plank floor on

which car tracks are laid,

and its roof arranged for

connecting the hoisting cable

(Fig. 38*). Rigid construc-

tion is necessary to resist the

hoisting strains. The sides

of the car are usually de-

signed to slide against tim-

ber guides on the shaft walls.
Pio. 38. BcnftorOw for Tunnel Shaft*.

Some form of safety device,

of which there are several kinds, should be employed to pre-

vent the fall of the elevator, in case the hoisting ro(>e breaks,

or some mishap occurs to the hoisting machinery, which en-

dangers the fall of the car. Shaking tulws and electric-bell

signals should also l>e provided to secure communication be-

tween th<- toj) and bottom of the shaft.

Reproduced from the catalogue of the Ledgvrw<NMl Manufacturing Company, New
York.
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CHAPTER VII.

TYPES OF CENTERS AND MOLDS EMPLOYED
IN CONSTRUCTING TUNNEL LININGS

OF MASONRY.

THE masonry lining of a tunnel may be described as con-

sisting of two or more segments of circular arches combined

so as to form a continuous solid ring of masonry. To direct

the operations of the masons in constructing this masonry

ring, templates or patterns are provided which show the exact

dimensions and form of the sectional profile which it is de-

sired to secure. These patterns or templates will vary in

number and construction with the form of lining* and the

method of excavation adopted. Where the excavation is fully

lined on all four sides, the masonry work is usually divided

into three parts, the invert or floor masonry, the side-wall

masonry, and the roof-arch masonry. At least one separate

pattern has to be employed in constructing each of these parts

of the lining ;
and they are known respectively as ground

molds, leading frames, and arch centers, or simply centers. In

the following paragraphs the form and construction usually

employed for each of these three kinds of patterns is de-

scribed.

Ground Molds. Ground molds are employed in building the

tunnel invert. They are generally constructed of 3-inch plank
cut exactly to the form and dimensions of the invert masonry
as shown in Fig. 39. To permit of convenience of handling in

a restricted space, they are generally made in two parts, which

are joined at the middle by means of iron fish-plates and bolts.

Either one or two ground molds may be employed. Where two
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FIO. 39. oround Moid for Constructing

molds are used they are set up a short distance apart, and cords

are stretched from one to the other parallel to the axis of the

tunnel, by which the masons are guided in their work. Ex-

treme care has to be taken in

setting the molds to ensure that

they are fixed at the proper

grade, and are in a plane normal

to the axis of the tunnel. Where

only o:n? ground mold is employed, the finished masonry is

depended upon to supply the place of the second mold, cords

being stretched from it to the single mold placed the requisite

distance ahead. The leveling and centering of the molds is ac-

complished by means of transit and level.

Two modifications of the form of ground mold shown by

Fig. 39 are employed. The first modification is peculiar to

the English method of

excavation, and consists

in combining the ground
mold with the leading

frame for the lower part

of the side walls, as

shown by Fig. 40. The

second modification is

FIO. 40. -Combined Oronnd Mold and Loading Frame
ei|llj

love(l where the two
for Invert and Side Wall Maaonry.

>1OVe

halves or sides of the

invert are built separately, and it consists simply in using one-

half of the mold shown by Fig. 39. When the last method of

constructing the invert masonry is resorted to, extreme care has

to lie observed in setting the half-mold in order to avoid error.

Leading Frames. As already stated, leading fmines are the

patterns, or molds, used in building the side walls of the Hning.

Like the ground mold they are usually built of plank ; one

side being cut to the curve of the profile, and the other being

iinult' parallel to the vertical axis of the tunnel section. The

vertical side usually has some arrangement by which a plumb
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bob can be attached, as shown by Fig. 41, to guide the work-

men in erecting the frame. The combined leading frame and

ground mold shown in Fig. 40 has already been described.

The use of this frame is possible only where the

masonry is begun at the invert and carried up on

each side at the same time. This mode of con-

struction is peculiar to the English method of

tunneling ; in all other methods the form of sep-

arate ground frame shown by Fig. 41 is employed.
FIG. 4i.-Lead- f;he grounci frames are lined in and leveled up by
ing Frame for

Constructing transit and level ; and, as in setting the ground
Side Wall Ma- r , , , ,

80nry frames, care must be taken to secure accuracy m
both direction and elevation.

Arch Centers. The template or form upon which the roof

arch is built is called a center. Unlike the ground molds and

leading frames, the arch centers have to support the weight of

the masonry and the roof pressures during the construction of

the lining, and they, therefore, require to be made strong.

Owing to the fact that the pressures are indeterminate, it is

impossible to design a rational center, and resort is had to those

constructions which past experience has shown to work satis-

factorily under similar conditions. In a general way it can

always be assumed that the construction should be as simple
as possible, that the center should be so designed that it can

be set up and removed with the least possible labor, and that

the different pieces of the framework and lagging should be as

short as possible, for convenience in handling.

Tunnel centers are usually composed of two parts, a mold

or curved surface upon which the masonry rests, and a frame-

work which supports the mold. The curved surface or mold

consists of a lagging of narrow boards running parallel to the

tunnel axis, which rests upon the arched top members of two

or more consecutive supporting frames. The supporting frame

is built in the form of a truss, and must be made strong enough
to withstand the heavy superimposed loads, consisting of the
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arch masonry during construction, ami of the roof pressures

which are transferred to the center when the strutting is

removed to allow the masonry to be placed. The framework

of the center is supported either by posta resting upon the floor

of the excavation, or upon tin- invert masonry when this is

built first, as in the English and Austrian methods, or it may
be supported directly upon the ground where the arch masonry
is built first, as in the Belgian method of tunneling.

In describing the various methods of tunneling in succeed-

ing chapters, the center construction and method of supporting
the center jieculiar to each will l>e fully explained, and only a

fc\\ ^cin-nil remarks are necessary here. Centers may be classi-

tie<l according to their construction and conijmsition into plank

centers, truss centers, and iron centers.

One of the most common forms of plank centers is shown

by Fig. 42. It consists of two

half-polygon! whose sides consist

of 15 in. X 4 ft planks having
mdial end-joints. These two half.

_rons are laid one upon the

other so that they break joints, as

shown bv the figure, and the ex- iri -
- PUllk f>n"r tnr

ing tli- It... f .\rrh.

trados of the frame is cut to the

true curve of the roof arch. The planks commonly used for

making these centers are 4 ins. thick, making the total thick-

ness of the center 8 ins. IMank centers of the construction

ilx-.l are suitable only for work where the pressures to be

resisted are small, as in tunnels through a fairly firm rock, al-

though then: have been instances of their successful use in soft,

ground tunnels.

Wh'-iv heavy loads have to he carrie<l, trussed renters are

generally employed, the trusses In-in-^ composed of heavy square
LMIIIS with scarfed and tenoned joints, tvinforced by iron plates.

I Afferent forms of trusses an- employed in each of the differ-

ent methods of tunneling, and each of these is described in sue-
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ceeding chapters ; but they are generally either of the king-post

or queen-post type, or some modification of them. The king-

post truss may be used alone, with

or without the tie-beam, as shown

by Fig. 43
;
but generally a queen

-

post truss is made to form the

base of support for a smaller king

post truss mounted on its top.
FIG. 43. Trussed Center for Constructing;

*
.

the Roof Arch. This arrangement gives a trape-

zoidal form to the center, which approaches closely to the arch

profile. Owing to the character of the pressures transmitted to

the center, the usual tension members can be made very light.

The combined center and strutting system devised by Mr.

Rziha has already been described in a previous chapter. In

recent European tunnel work quite extensive use has also been

made of iron centers consisting of several segments of curved

I-beams, connected by fish-plate joints so as to form a semi-

circular arch rib. The ends or feet of these I-beam ribs have

bearing-plates or shoes made by riveting angles to the I-beams.

Centers constructed in a similar manner, but made of sections

of old railway rail, were used in carrying out the tunnel work
on the Rhine River Railroad in Germany. The advantages
claimed for iron centers are that they take up less room, and

that they can be used over and over again.

Setting Up Centers. According to the n:ethcd of excava-

tion followed in building the tunnel, the centers for building
the roof arch may have to be supported by posts resting on the

tunnel floor
; or where the arch is built first, as in the Belgian

and Italian methods, they may be carried on blocking resting
on the unexcavated earth below, Whichever method is em-

ployed, an unyielding support is essential, and care must be

taken that the centers are erected and maintained in a plane
normal to the tunnel axis. To prevent deflection and twisting,
the consecutive centers are usually braced together by longi-

tudinal struts or by braces running to the adjacent strutting.
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Only skilled and exj>erienced workmen should lie employed in

erecting the centers ; and they should work under the immedi-

ate direction of the engineer, who must establish the axis and

level of each center by transit and level.

Lagging. By the lagging is meant the covering of narrow

longitudinal boards resting upon the upper curved chords of the

centers, and spanning the opening between consecutive centers.

This lagging forms the em-veil surface or mold upon which the

arch masonry is laid. When the roof arch is of ashlar masonry
the strips of lagging are seldom placed nearer together tlian

the joints of the consecutive ring stones, but in brick arches

they are laid close together. llesides the weight of the arch

masonry, the lagging titulars support the sln.it props winch

keep the poliii-l)oards in place after the strutting is removed

and until the arch masonry is eomplet.-.l.

Strihin;i tin- (,'///,/*. The centers are usually brought i<>

thf proper elevation by means of wooden wedges inserted be-

tween the sill of the ernter and its support, or U-tween the

in of the posts carrying the center and the tunnel Moor.

These wedges are usually made of ban! wood, and are alnmt

: ins. wide by I ins. thick by IS ins. lon^. To strike the center

att'-r the aivh masonry is completed, these wedges are with-

drawn, thus allowing the renter to fall clear of the masonry.

Usually the center is not removed immediately after striking,

so that if the an-h masonry fails the ruins will remain ujwm the

center. The method of striking the iron miter devised by Mr.

K/iha has been described in the previous chapter on strutting.
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CHAPTER VIII.

METHODS OF LINING TUNNELS.

TUNNELS in soft soils and in loose rock, and rock liable to

disintegration, are always provided with a lining to hold the

walls and roof in place. This lining may cover the entire

sectional profile of the tunnel, or only a part of it, and it may
be constructed of timber, iron, iron and masonry, or, more

commonly, of masonry alone.

Timber Lining. Timber is seldom employed in lining

tunnels except as a temporary expedient, and is replaced by

masonry as soon as circumstances will permit. In the first

construction of many American railways, the necessity for

extreme economy in construction, and of getting the line open
for traffic as soon as possible, caused the engineers to line

many tunnels with timber, which was plentiful and cheap.

Except for their small cost and the ease and rapidity with

which they can be constructed, however, these timber linings

possess few advantages. It is only the matter of a few years
when the decay of the timber makes it necessary to rebuild

them, and there is always the serious danger of fire. In

several instances timber-lined tunnels in America have been

burned out, causing serious delays in traffic, and necessitating

complete reconstruction. Usually this reconstruction has con-

sisted in substituting masonry in place of the original timber

lining. In a succeeding chapter a description will be given of

some of the methods employed in replacing timber tunnel

linings with masonry. Various forms of timber lining are

employed, of which Fig. 44 and the illustrations in the chapter
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discussing the methods of relining timber-liiied tunnels with

masonry are typical examples.

Iron Lining. The use of iron lining for tunnels was intro-

duced lirst mi a large scale by Mr. Peter William Barlow in

1869, for the set-mid tunnel under the River Thames at

London, England, and it has greatly extended since that time.

The lining of the second Thames tunnel consisted of cylindrical

cast-iron rings X ft. in diameter, the abutting edges of the

xiu-.vssive rings being flanged and provided with holes for

bolt fastenings. Kadi ring uas made up of four segments,

Cross Section. Longitudino\ Section.

Km. 44. A Typical Form <>f Tlmbnr Lining for TuiiMls.

thrve of which were longer than quadrants, and one much
smaller form ing the "

kry-stonc
"

or (-losing piece. These

M-gini-nts were connected to each other by flanges ami lolU.

To makr the joints tight, strips of pirn- or ccim-nt and hemp
yarn \\rre insert'd U-tut-en the flanges. Sinn- the ronstrnc.

ti"ii of the second Thaim s tunnel, iron lining has ln-en cm-

'1 for a great many siilmmrinc tunnels in Knglam'.

Continental Kun>p*-, and Ani'-i f them having n

n over 28 ft in diameter. Where circular iron lining is

employed, the Wtm part of the section is leveled up witli

concrete or brick masonry to carry the tracks, and the whole
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interior of the ring is covered with a cement plaster lining

deep enough thoroughly to embed the interior joint flanges.

In the succeeding chapter describing the methods of driving

tunnels by shields several forms of iron tunnel lining are fully

described.

Iron and Masonry Lining. During recent years a form of

combined masonry and iron lining has been extensively em-

ployed iii constructing city underground railways in both

Europe and America. Generally this form of lining is built

with a rectangular section. Two types of construction are

employed. In the first, masonry side walls carry a flat roof

of girders and beams, which carry a trough flooring filled with

concrete, or between which are sprung concrete or brick arches.

Sometimes the roof framing consists of a series of parallel

I-beams laid transversely across the tunnel, and in other cases

transverse plate girders carry longitudinal I-beams. In the

second type of construction the roof girders are supported by
columns embedded in the side walls. Where the tunnel pro-

vides for two or four tracks, intermediate column supports are

in some cases introduced between the side columns. In this

construction the roofing consists of concrete filled troughs or of

concrete or brick arches, as in the construction first described.

Examples of combined masonry and iron tunnel lining are

illustrated in the succeeding chapter on tunneling under city

streets.

Masonry Lining. The form of tunnel lining most commonly
employed is brick or stone masonry. Concrete masonry lining

has been employed in several tunnels built in recent years. The

masonry lining may inclose the whole section or only a part of

it. The floor or invert is the part most commonly omitted;

but sometimes also the side walls and invert are both omitted,

and the lining is confined simply to an arch supporting the-

reof. The roof arch, the side walls, and the invert compose
the tunnel lining; and all three may consist of stone or brick

alone, or stone side walls may be employed with brick invert
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and roof arch. Rubble-Btone masonry is usually employed,

except at the entrances, where the masonry is utpoaad to view.

Here ashlar masonry is usually used. The stone adapted for

tunnel lining should be of a durable quality which weathers

well. Where bricks are used they should be of good qual-

ity. Owing to the comparative ease with which brick arches

can be built, thev are generally used to form the roof arch, even

where the side walls are of stone masonry. Masonry lining

may l>e built in the form of a series of separate rings, or in the

form of a continuous structure extending from one end of the

tunnel to the other. The latter method of construction pro-

duces a stronger structure; but in case of failure by crush-

ing, the<dam.ixrf done is likely to be more widespread than

where separate rings are employed, one or two of which

in iv fail without injury to the others adjacent to them. The

instruction is also somewhat simpler where str
INI

rate rings are

employed, since no provision has to l>e made for 1Minding the

whole lining into a continuous structure. Where a series of

separate rings is employed, the length of each ring runs from

."> ft. up to 20 ft., it depending upon the character of the

rial penetrated, and the method of construction employed.
the purpose of detailed discussion the construct inn of

>:iry lining may l>e divided into four parts, the side-wall

foundations, the side walls themselves, the roof arch, and the

invert.

Foundation*. In tunnels through rook of a hard and dur-

able character the foundations for th side walls aro usually

laid directly on the rock. In loose rock, or rock liable to dis-

integration, this method of construction is not generally a safe

one, and the foundation excavation should lie sunk to a depth
at which the atmospheric influences cannot affect the founda-

tion bed. In either case the foundation masonry is made
thicker than that of the side walls proper, so as to distribute

the pressure over a greater area, and to afford more room for

adjusting the side-wall masonry to the proper profile. In
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yielding soils a special foundation bed has to be prepared for

the foundation masonry. In some instances it is found suffi-

cient to lay a course of planks upon \\hirh the masonry is con-

structed, but a more solid construction is usually preferred.

This is obtained by placing a concrete footing from 1 ft. to 2

ft. deep all along the bottom of the foundation trench, or in

some cases by sinking wells at intervals along the trench and

filling them with concrete, so as to form a series of supporting

pillars.

The form given to the foundation courses and lower

portions of the side walls varies. Where
a large bearing area is required, the back

of the wall is carried up vertically as

shown by the line AB, Fig. 45, otherwise

the rear face of the wall follows the line of

excavation AC. For similar reasons the front

_____^^ face of the wall may be made vertical, as at
" G

Fa, or inclined, as at FH. The line FE
FIG. 45. Diagram
showing Forms indicates the shelf construction designed
Adopted for Side- .1 < r .\_ i ,

wan Foundations. to support the feet of the posts used to

carry the arch centers during the construc-

tion of the roof arch.

Side Walls. The construction of the side walls above the

foundation courses is carried out as any similar piece of

masonry elsewhere would be built. To direct the work and

insure that the inner faces of the walls follow accurately the

curve of the chosen profile, leading frames previously described

are employed.
Roof Arch. For the construction of the roof arch, the

centers previously described are employed. Beginning at the

edges of the center on each side, the masonry is carried up a

course at a time, care being taken to have it progress at the

same rate on both sides, so that the load brought onto the

centering is symmetrical. As soon as the centers are erected,

the roof strutting is removed, and replaced by short props
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which rest on the lagging of the centers and support the poling-

boards. These props are removed in succession as the arch

masonry ris^s along the curve of the center, and the space

between tin- top of tin- aivh masonry and tlie ceiling of die

excavation is tilled with small stones packed closely. The key-

stone section of the aivh is built last, by inserting the stones or

bricks from the front edge of the arch ring, there being no

room to set them in from the top, as is the practice in ordinary

open-arch construction. The keying of the arch is an espe-

cially difficult operation, and only experienced men skilled in the

work should l>e employed to perform it. The task becomes

one of unusual difficulty when it becomes necessary to join the

arches coming from opjxwite directions.

Invert In all but one or two methods of tunneling, the

invert is the last portion of the lining to \te built In the

English method of tunneling, the invert is the first portion of

the lining to )>e built, and the same practice is sometimes neces-

sary in soft soils where there is danger of the bottom of the

side walls being squeezed together by the Intend pressures

unless the invert masonry is in place to hold them apart. The

ground molds previously descriljcd are employed to direct the

construction of the invert masonry.
General Observations. In describing the construction of the

roof arch, mention was made of the stone filling employed
between the back of the masonry ring and the ceiling of the

excavation. The spaces liehind the side walls are filled in a

similar manner. The object of this stone filling, which should

tie closely packed, is to distribute the vertical and lateral press*

ures in the walls of the excavation uniformly over the lining

masonry. As the masonry work progresses, the strutting

employed previously to sup|H>rt the walls of the excavation has

to be. removed. This work requires care to prevent accident,

ami should IKJ placed in charge of experienced mechanics who
aiv familiar with its construction, and can remove it with the

least .la mage to the timbers, so that they may !* used again.
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and without endangering the fall of the roof or the caving of

tlu- sides by removing too great a portion of the timbers at one

time.

Thickness of Lining Masonry. It is obvious, of course, that

the masonry lining must !>r thick enough to support the press-

ure of the earth which it sustains
; but, as it is impossible to

estimate these pressures at all accurately, it is diiticult to say

definitely just what thickness is required in any individual case.

Kniikine gives the following formulas for determining the

depths of keystone required in different soils :

For firm soils,

d = V/0.12 -,
T S

and for soft spils,

/ r2

d = V/0.48-,
T S

where d = the depth of the crown in feet, r = the rise of the

arch in feet, and * = the span of the arch in feet. Other

writers, among them Professor Curioni, attempt to give rational

methods for calculating the thickness of tunnel lining ; but they

are all open to objection because of the amount of hypothesis

required concerning pressures which are of necessity indetermi-

nate. Therefore, to avoid tedious and uncertain calculations,

the engineer adopts dimensions which experience has proven to

be ample under similar conditions in the past. Thus we have

all gradations in thickness, from hard-rock tunnels requiring

no lining, and tunnels through rocks which simply require a

thin shell to protect them from the atmosphere, to soft-ground

tunnels where a masoniy lining 3 ft. or more in thickness is

employed. Table II. shows the thickness of masonry lining

used in tunnels through soft soils of various kinds.

The thickness of the masonry lining is seldom uniform at

all points, as is indicated by Table II. Figs. 46 and 47 show

common methods of varying the thickness of lining at different

points, and are self-explanatory.
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Side Tunnels. When tunnels are excavated by shafts located

at one side of the center line, short side tunnels or galleries are

built to connect the bottoms of the shafts with the tunnel

proper. These side tunnels are usually from 30. ft to 40 ft

long, and are generally made from 12 ft. to 14 ft. high, and

about 10 ft. wide. The excavation, strutting, and lining of

these side tunnels are carried on exactly as they are in the

main tunnel, with such exceptions as these short lengths

make possible. Table III. gives the thickness of lining used

for side tunnels, the figures being taken from European

practice.

Flos. 46 and 47. Trannverne Soctlona of Tunnel* Showing Methods of Increasing th

ThickniwH of the Lining at IMii.-r.-nt r<>int*.

Culverts. Tin- purpose of culverts in tunnels is to collect

the water which seeps into the tunnel from the walls and shafts.

The culvert is usually located along the center line of the

tunnel at the bottom. In soft-ground tunnels it is built of

masonry, and forms a part of the invert, but in rock tunnels it

is the common practice to cut a channel in the rock floor of the

excavation. Both lx>x and arch sections are employed for

culverts. The dimensions of the section vary, of course, with

the amount of water which has to l>e carried away. The fol-

lowing are the dimensions commonly employed:
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larger, and are also employed as places for storing small tools

and supplies employed in the maintenance of the tunnel.

Niches are simply arched recesses built into the sides of the

tunnel, and lined with masonry ; Fig. 48 shows this construc-

tion quite clearly. Small refuge niches are usually built from

6 ft. to 9 ft high, from 3 ft. to 6 ft. wide, and from 2 ft

to 3 ft deep. Large niches designed for storing tools and

supplies are made from 10 ft to 12 ft. high, from 8 ft to 10 ft.

wide, and from 18 ft to 24 ft deep, and are provided with

Fio. 49. Kant Portal of Iloosac Tunnel.

doors. Refuge niches are usually spaced from 60 ft. to 100 ft.

apart, while the larger storage niches may be located as far as

8000 ft. apart. The niche construe (ion shown by Fig. 47 is

that employed ( ,n the St Gothard tunnel.

Entrances. The entrances, or portals, of tunnels usually

consist of more or less elaborate masonry structures, depending

upon the nature of the material penetrated. In soft-ground

tunnels extensive wing walls are often required to sup]Hrt the

earth above and at the sides of the entrance; while in tunnels
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through rock, only a masonry portal is required, t.> give a finish

to the work. Often the engineer indulges himself in an elabo-

rate architectural design for the portal masonry. There is

danger of carrying such designs too far for good taste unless

care is employed ; and on this matter the writer can do no better

than to quote the remarks of the late Mr. Frederick W. Simms
in his well-known " Practical Tunneling

"
:

" The designs for such constructions should be massive to be suitable as

approaches to works presenting the appearance of gloom, solidity, and strength.

A light and highly decorated structure, however elegant and well adapted for

other purposes, would be very unsuitable in such a situation ; it is plainness

combined with boldness, and massiveness without heaviness, that in a tunnel

entrance constitutes elegance, and, at the same time, is the most economical."

Fig. 49 is an engraving from a photograph of the east portal

of the Hoosac tunnel, which is an especially good design.

TABLE II.

Showing Thickness of Masonry Lining for Tunnels through Soft Ground.

CHARACTER OF MATERIAL.
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CHAPTER IX.

TUNNELS THROUGH HARD ROCK; GENERAL
DISCUSSION; EXCAVATION BY DRIFTS.

MONT CENIS TUNNEL.

THE present high development of labor-saving machinery
for excavating rock makes this material one of the safest and

easiest to tunnel of any with which the engineer ordinarily has

to deal. To operate this machinery requires, however, the

development of a large amount of power, its transmission to

considerable distances, and, finally, its economical application

to the excavating tools. The standard rock excavating ma-

chine is the power drill, which requires eitlier air or hydraulic

pressure for its operation according to the special tyjnj em-

ployed. Under present conditions, therefore, the engineer is

limited either to air or water under compression for the trans-

mission of his power. Steam-power may be employed directly

to operate percussion rock drills ; but owing to the heat and

humidity which it generates in the confined space where the

drills work, and because of other reasons, it is seldom employed

directly. Electric transmission, which offers so many advan-

tages to the tunnel builder, in most respects is largely excluded

from use by the failure which has so far followed all attempts

to apply it to the operation of rock drills. As matters stand,

therefore, the tunnel engineer is practically limited to steam

and falling water for the generation of power, and to com-

pressed air and hydraulic pressure for its transmission.

Whether the engineer should adopt water-power or steam '>

generate the power required for his excavating maHiine-x -I

pends upon then relative availability, cost, and suitability to the
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conditions of work in each particular case. Where fuel is plen-

tiful and cheap, and where water-power is not available at a

coni]niratively reasonable cost, steam-power will nearly always

prove the more economical; where, however, the reverse con-

ditions exist, which is usually the case in a mountainous

country far from the coal regions, and inadequately supplied
with transportation facilities, but rich in mountain torrents,

water-power will generally be the more economical. In a suc-

ceeding chapter the power generating and transmission plants

for a number of rock tunnels are described, and here only a

general consideration of the subject will be presented.

Steam-Power Plant. A steam-power plant for tunnel work

should be much the same as a similar plant elsewhere, except
that in designing it the temporary character of its work must

be taken into consideration. This circumstance of its tempo-

rary employment prompts the omission of all construction

except that necessary to the economical working of the plant

during the period when its operation is required. The power-

house, the foundations for the machinery, and the general con-

struction and arrangement, should be the least expensive which

will satisfy the requirements of economical and safe operation

for the time required. It will often be found more economical

as a whole to operate the machinery with some loss of economy

during the short time that it is in use than to go to much

greater expense to secure better economy from the machinery

by design and construction, which will be of no further use

after the tunnel is completed. The longer the plant is to be

required, the nearer the construction may economically approach

that of a permanent plant. As regards the machinery itself,

whose further usefulness is not limited by the duration of any

single piece of work, true economy always dictates the purchase

of the best quality. Speaking in a general way, a steam-power

plant for tunnel work comprises a boiler plant, a plant of air

compressors with their receivers, and an electric light dynamo.
When hydraulic transmission of power is employed, the air
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compressors are replaced by high-pressure pumps ; and when

electric hauling is employed, one or more dynamos may be re-

quired to generate electricity for power purposes, as well as fur

lighting. Ill addition to the power generating machines proper,

there must be the necessary piping and wiring for transmitting

this power, and, of course, the equipment of drills and other

machines for doing the actual excavating, hauling, etc.

Reservoirs. When water-power is employed, a reservoir

has to be formed by damming some near-by mountain stream at

a point as high au practicable above the tunnel. The provision

of a reservoir, instead of drawing the water directly from the

stream, serves two important purposes. It insures a continuous

supply and constant head of water in case of drought, and also

permits the water to deposit its sediment before it is delivered

to the turbines. The construction of these reservoirs may be

of a temporary character, or they may be made permanent

structures, and utilized after construction is completed to sup-

ply power for ventilation and other necessary purposes. In the

first case they are usually destroyed after construction is fin-

ished. In either case, it is almost unnecessary to say, they

should be built amply safe and strong according to good engi-

neering practice in such works, for the duration of time which

they are expected to exist.

Canals and Pipe Lines. For conveying the water from the

reservoirs to the turbines, canals or pipe lines are employed.

The latter form of conduit is generally preferable, it being

both less expensive and more easily constructed than the

former. It is advisable also to have duplicate lines of pi|>e to

reduce the possibility of delay by accident or while necessary

repairs are being made to one of the pipes. The pipe lines

terminate in a penstock leading into the turbine chamber, and

provided with the necessary valves for controlling the admis-

sion of water to the turbines.

Turbines. There are numerous forms of turbines on the

t. but they may all be classed either as impulse turbines
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or as reaction turbines. Impulse turbines are those in which
the whole available energy of the water is converted into

kinetic energy before the water acts on the moving part of the

turbine. .Reaction turbines are those in which only a part of

the available energy of the water is converted into kinetic

energy before the water acts on the moving vanes. Impulse
turbines give efficient results with any head and quantity of

water, but they give better results when the quantity of water

varies and the head remains constant. Reaction turbines, on

the contrary, give better results when the quantity of water

remains constant and the head varies. These observations

indicate in a general way the form of turbine which will best

meet the particular conditions in each case. The number of

turbines required, arid their dimensions, will be determined in

each case by the number of horse-power required and the

quantity of water available. The power of the turbines is

transmitted to the air compressors or pumps by shafting and

gearing.

Air Compressors. An air compressor is a machine usually

driven by steam, although any other power may be used by
which air is compressed into a receiver from which it may be

piped for use. For a detailed description of the various forms

of air compressors the reader should consult the catalogues of

the several makers and the various text-books relating to air

compression and compressed air. Air compressors, like other

machines, suffer a loss of power by friction. The greatest loss

of power, however, results from the heat of compression.

When air is compressed, it is heated, and its relative volume

is increased. Therefore, a cubic foot of hot air in the com-

pressor cylinder, at say, 60 Ibs. pressure, does not make a cubic

foot of air at 60 Ibs. pressure after cooling in the receiver.

In other words, assuming pressure to be constant, a loss of

volume results due to the extraction of the heat of compression
after the air leaves the compressor cylinder. To reduce the

amount of this loss, air compressors are designed with means



TUNNELS THROUGH HARD ROCK 83

to extract the heat from the air before it leaves the com-

pressor cylinder. Air compressors may tirst be divided into

two classes, according to the means employed for cooling the

air, as follows: (1) Wet compressors, and (_') dry compress-
ors. A wet compressor is one which introduces water directly

into the cylinder during compression, and a dry compressor is

one which admits no water to the air during compression.
Wet compressors may be subdivided into two classes: (1)
Those which inject water in the form of spray into the cylinder

during compression, and (2) those which use a water piston

for forcing the air into confinement.

The following brief discussion of these various types of

compressors is based on the concise practical discussion of

Mr. W. L. Saunders, M. Am. Soc. C. EM in "Compressed Air

Production." The highest isothermal results are obtained by

tin- injection of water into the cylinders, since it is plain that

the injection of cold water, in the shape of a finely divided

spray, directly into the air during compression will lower the

teni{>erature to a greater degree than simply to surround the

cylinder and parts by water jackets winch is the means of cool-

ing adopted with dry compressors. A serious obstacle to water

injfctioii, and that which condemns this type of compressor, is

the influence of the injected water upon the air cylinder and

parts. Even when pure water is used, the cylinders wear to

such an extent as to produce leakage and to require rebating.

Tin- limitation to the speed of a compressor is also an important

objection. The chief claim for the water piston compressor is

that its piston is also it cooling device, and that the heat of

compression is absorlwd by the water. Water is so poor a

conductor ot heat, however, that without the addition of sprays
it H safe to say that this compressor has scarcely any cooling

advantages at all so far as the cooling of the air during com-

-ion is concerned. The water piston compressor operates

at slow speed and is expensive. Its only advantage is that it

has no dead spaces. In the dry compressor a sacrifice is made



84 TUXNKLINd

in the efficiency of the cooling device to obtain low first cost,

economy in space, light weight, higher speed, greater durability,

and greater general availability.

Air compressors are also distinguished as double acting and

simple acting. They are simple acting when the cylinder is

arranged to take in air at one stroke and force it out at the

next, and they are double acting when they take in and force

out air at each stroke. In form compressors may be simple or

duplex. They are simple when they have but one cylinder,

and duplex when they have two cylinders. A straight line or

direct acting compressor is one in which the steam and air

cylinders are set tandem. An indirect acting compressor is

one in which the power is applied indirectly to the piston rod

of the air cylinder through the medium of a crank. Mr. W. L.

Saunders writes in regard to direct and indirect compression
as follows :

" The experience of American manufacturers, which has been more exten-

sive than that of others, has proved the value of direct compression as distin-

guished from indirect. By direct compression is meant the application of

power to resistance through a single straight rod. The steam and air cylinders

are placed tandein. Such machines naturally show a low friction loss because

of the direct application of power to resistance. This friction loss has been

recorded as low as 5/( ,
while the best practice is about 10% with the type which

conveys the power through the angle of a crank shaft to a cylinder connected

to the shaft through an additional rod."

Receivers. Compressed air is stored in receivers which are

simply iron tanks capable of withstanding a high internal

pressure. The puipose of these tanks is to provide a reservoir

of compressed air, and also to allow the air to deposit its

moisture. From the receivers the air is conveyed to the work-

ings through iron pipes, which decrease gradually in diameter

from the receivers to the front.

Rock Drills. The various forms of rock drills used in tun-

neling have been described in Chapter III., and need not be

considered in detail here except to say that American engi-
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neers usually employ [>ercussion drills, while European

engineers also use rotary drills extensively. A comparison
between these- t\vo types of drills was made in excavating the

A a rl berg tunnel in Austria, where the Brandt hydraulic

rotary drill was used at one end, and the Ferroux percussion

drill was used at the other end. The rock was a mica-schist.

The average monthly progress was 412 ft, with a maximum
of 646 ft., with the rotary drills, and an average of 454 ft. with

the percussion drill.

Excavation. Since considerable time is required to get the

power plant established, the excavation of rock tunnels is often

begun by hand, but hand work is usually continued for no

longer a period than is necessary to get the power plant in

operation. Generally speaking, the greatest difficulty is

encountered in excavating the advanced drift or heading.

Based on the mode of blasting employed, there are two methods

of driving the advanced gallery, known as the circular cut

and the center cut methods. In the first method a set of holes

is first drilled near the center of the front in such a manner that

they inclose a cone of rock ; the holes, starting at the perimeter

of the base of the cone, converge toward a junction at its

apex. Seldom more than four to six holes are comprise.! in

this first set Around these first holes are driven a ring

of holes which inclose a cylinder of rock, and if necessary

succeeding rings of holes are driven outside of the first rin_ir.

These holes are blasted in the order in which they are driven,

the first set taking out a cone of rock, the second set enlarging
this cone to a cylinder, and the other sets enlarging this

cylinder, Thes<> holes are seldom driven deeper than 4 or 5

ft In the center-cut method, which is the one commonly
employed i:i America, the holes are arranged in vertical rows,
and are driven from lf> ft to 20 ft deep. Figs. 60 to 68
inclusive show the arrangement of the holes nnd the method
of

blasting them. The two center rows of holes converge
toward each other so as to take out a wedge of rock, but the
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others are bored "
straight

"
or parallel with the vertical plane

of the tunnel.

The width of the advanced gallery or heading depends

upon the quality of the rock. In hard rock American engi-

neers give it the full width of the tunnel section ; but this

runnot be done in loose or fissured rock, which has to be sup-

ported, the headings here being usually made about 8x5 ft.

The wider heading is always preferable, where it is possible,

PIGS. BO to 63. Sketches Illustrating American Center-Cut Method of Blasting Tunnels.

since more room is available for removing the rock, and deeper
holes can be bored and blasted.

With the preceding general discussion of tunneling through

rock we may proceed to a detailed consideration of the con-

struction of typical examples of rock tunnels. For this pur-

pose the Mont Cenis and Simplon tunnels are selected as

examples of rock tunnels driven by a drift, and the St. Goth-

ard and Busk tunnels as examples of rock tunnels driven by

headings.
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EXCAVATION BY DRIFTS: MONT CENIS TUNNEL.

General Description. The method of tunneling through
hard rock by drifts is preferred by European engineers. Both

UK- Mont Cenis tunnel built in 1857-70, and the great Simplou
tunnel now under construction, are examples of tunneling by
drifts. In this method the sequence of excavation is showu

diagrammatically by Fig. 54. As soon as the top portion of

the section has been opened, the roof arch is built with its feet

resting on the tops of parts No. 4. These parts are removed

by breaking down the outer portion

between the sides of part No. 1 and

the lines a b and a 1
l>

1
first, and

thru by driving transverse cuts

th rough to the sides of the section

at intervals, and filling them with

the masonry of the side walls.

These short sections or pillars of

masonry serve to carry the arch

while the rock between them is

bein^ excavated and the remainder

of the side walls built. In hard

rock the successive parts Nos. 1 to

4 are driven several hundred feet in advance of each other.

The drift is usually strutted by means of side jxwU carrying

a cap-piece placed at intervals, and having a ceiling of longi-

tudinal planks resting on the successive caps. In hard nn-k

the roof of the section does not, as a rule, require regular

strutting, occasional supports In-ing placed ;it intervals to pre-

vent the fall of isolated fragments. When the rock is disinte-

grated or full of seams, a regular strutting may be neoes

and this may Iw either longitudinal or polygonal in tyj-.

\Vln-ii longitudinal strutting is employed, a sill is laid acrom

the roof of the drift, and upon this are set up two struts con-

Fio. M. Diagram Showing Se-

quence of KkfitviitK-n- ill Drift

M.-tli.-l ..f Tiiniii'liiitf K<K-k.
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verging toward the top and supporting a cap-piece close to

the roof. On this cap-piece are placed the first longitudinal

crown bars carrying transverse poling-boards. Additional

props standing on the sill and radiating outward are inserted

as parts No. 3 are excavated. These radial props carry

longitudinal bars which in turn support transverse poling-

boards. When polygonal strutting is used, it may have the

construction described below as being employed in the Mont
Cenis tunnel, or may take the form of three or five segment
arches of heavy timbers.

The roof arch, usually of brick masonry, is built before the

side walls, which are generally of rubble masonry, with its feet

supported temporarily by the unexcavated rock below. Plank

centers are usually employed, since the pressures they carry are

usually limited to the weight of the masonry. The method

of underpinning the roof arch with the side walls is that pecu-

liar to the Belgian method of tunneling. The drain is usually

constructed of brick masonry, and may be located at the center

or at one side of the tunnel floor.

Tunnels excavated by drifts enable simple means of hauling
to be employed, and this is one of the reasons why the method

finds so much favor with European engineers. The tracks

are laid along the floor of the drift, and carry all the spoil

from parts Nos. 2, 3, and 4, as well as from the front of the

drift itself. As fast as the full section is completed, this single

track in the drift is replaced by two tracks running close to

the sides of the tunnel, or by a broad-gauge track with a third

rail.

Mont Cenis Tunnel. The Mont Cenis tunnel was the first

of the great Alpine tunnels to be built It is 7.9 miles long,

and connects France and Italy by a double-track railway. Con-

struction was begun in 1857, and the tunnel was opened for

traffic in 1872.

Material Penetrated. The material penetrated by the ex-

cavation consisted chiefly of limestone, calcareous schist, gneiss,
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and schistose sandstone. The stratification of the rock was

nearly perpendicular to the axis of the tunnel, except at a few

points where the strata intersected the axis at angles varying
from 35 to 60.

Excavation. The tunnel was driven exclusively from the

ends by means of a drift. The diagram, Fig. 55, shows the

order of the excavation, which began by the drift No. 1, whose

dimensions were 9.5 X 8.5 ft., its roof reaching the line of the

springers of the arch, and its floor being about 3 ft higher than

that of the tunnel. With the excavations of the part No. 2,

the drift was widened on each side,

except at the roof, and the floor of

the tunnel was reached. Above the

drift, the heading No. 3 was exca-

vated, and when the parts No. 4

were battered down the excavation

of the upper portion of the tunnel

section was completed, and the ma-

sonry arch of the lining built. The

parts No. 5 were afterward re-

moved, and the sidewalls built up
from foundations, and the arch un-

derpinned. In the middle of the

floor, the part No. 6 was excavated, and the culvert built.

The excavation of the Mont Cenis tunnel was carried on

by hand labor up to the year 1861, when the first drilling

machine was employed. The drift, when excavated by hand

labor, was blasted by means of many charges placed in holes no

more than 1 ft. deep, and very close together. When the per-

forating machines were first used the same manner of taring
numerous shaft-holes was followed, arid the drift was excavated

by a circular cut. Near the center 13 holes were driven, which

forim-d the first round of blasting; close to sides 1<5 holes were

bored on each side for the second round ; 8 holes lielow and 13

above the circular cut formed the third round ; and close to the

i s r
FlO. 55. niagrittn Showing 8-

qnonce of Kxcavatlon In Mont
CenU Tunnel.
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floor 5 more holes were bored for the fourth round, by which

the floor of the drift was reached. The total number of the

holes bored at the front of the drift varied from 70 to 80; their

depth was 3 ft. Three holes in the middle of those of the

first round were made deeper so as to loosen the rock a little to

facilitate the blasting of the succeeding rounds. Gunpowder
was the only explosive used in the excavation of the Mont
Cenis tunnel, both when the work was done by hand labor and

by machines.

The time required for boring the holes of the drift varied

between and 8 hours. From 1 to 2 hours were required for

filling in the holes with explosives, and from 3 to 5 hours in

removing the blasted rock, so that in 24 hours no more than

two blasts were made at the front of the drift. The different

excavations were made by various gangs following each other

at an average distance of 900 ft.

Power Plant. The mechanical installation consisted of

the Sommeilier air compressors built near the portals. The

Soinmeilier compressors, Mr. W. L. Saunders says, were oper-

ated as a ram, utilizing a natural head of water to force air at

80 Ibs. pressure into a receiver. The column of water con-

tained in the long pipe on the side of the hill was started and

stopped automatically by valves controlled by engines. The

weight and momentum of the water forced a volume of air with

such a shock against the discharge valve that it was opened,

and the air was discharged into the tank
;
the valve was then

closed, the water checked ; a portion of it was allowed to dis-

charge, and the space was filled with air, which was in turn

forced into the tank. Only 73 % of the power of the water was

available, 27 % being lost by the friction of the water in the

pipes, valves, bends, etc. Of the 73 % of net work, 49.4 was

consumed in the perforators, and 23.6 in a dummy engine

for working the valves of the compressors and for special

ventilation.

The compressed air was conveyed from each end through a
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cast-iron pipe 7| in. in diameter, up to the front of the excava-

tion. The joints of the pipes were made with turned faces,

grooved to receive a ring of oakum which was tightly screwed

and compressed into the joint. To ascertain the amount of

leakage of the pipes, they and the tanks were filled with air

compressed to 6 atmospheres, and the machines stopped ; after

12 hours the pressure was reduced to 5.7 atmospheres, or to

95 % of the original pressure.

Sommeilier's percussion drilling machines were used in the

excavation of this tunnel. They were provided with 8 or 10

drills acting at the same time, and mounted on carriages running
on tracks. These were withdrawn to a safe place during the

blasting, and advanced again after the broken rock was removed

from the front and the new tracks laid.

Machine shops were built at both ends of the tunnel for

building and repairing the drilling machines, bits, tools, etc.

A gas factory was built at each end for lighting purpose.

Strutting. The roof of the drift was strutted by means of

longitudinal planks supported by cap-pieces laid across the line

of the tunnel and resting on vertical props close to the sides

of the excavation. This strutting was necessitated in order to

prevent the fall of the rock from the upper part of the section.

For the upper portion of the profile no continuous strutting

was required, but at places where the rock was fissured or

disintegrated a polygonal strutting was employed. This

consisted of a sill laid across the axis of the tunnel and just

above the roof of the drift On this sill two inclined props
were placed supporting a cap-piece. Close to the feet of these

two inclined props other props were inserted abutting against

wooden blocks close to the faces of the excavation. These

blocks were of tra|>ezoidal shape, the smaller side being near

the excavation, while the longer ones abutted against the

props. Between two consecutive wooden blocks small IKMUIIH

were inserted as close as possible to the excavation, and in

such a manner as to assume the form of a polygon. Planks
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were stretched longitudinally between the beams forming the

polygons ,of the consecutive timber structures.

Masonry. After the upper portion of the tunnel section

had been excavated, the arch was built with its feet resting

upon heavy planks. For the construction of the arch light

centers were used. The arch was made of brick, and rested on

the unexcavated portions of the bench. When these were

removed, pillars of rock from 6 to 8 ft. long were left at equal
intervals between them. In the spaces left vacant, balks of

timber were inserted in order to support the arch. In the

space between the rock pillars the side walls were built up
from foundation and the arch underpinned ; then the rock pillars

were in their turn battered down, new timbers were inserted

to support the arch, and the side walls were built and the arch

underpinned. In this way the masonry of the lining was made

continuous. At every 3,000 ft. large niches were built, while

all along the line on both sides small sheltering niches Trere

built 150 ft. apart

Hauling. In the Mont Cenis tunnel all the hauling was

done by horses. On the floor of the drift small tracks were

placed, upon which ran the cars that removed the broken rock

produced by blasting at the front. At the end of the drift the

small cars dumped the rock into larger cars running on the

floor of the part No. 2 which was the tunnel floor. There a

single track was laid, which was afterward switched into a

double track where the full section of the tunnel was opened.

The materials excavated from the upper portion of the profile,

by means of openings left in the roof of the drift, were loaded

directly on to the large cars running on the tunnel floor.

Ventilation. Ventilation was at first obtained by the air

discharged from the drills, which exhausted from 250,000 to

280,000 cu. ft. of fresh air every hour at the front. When this

quantity was considered too small, a blower 2.5 ft. in diameter

was employed. It wras operated by a small compressed air

motor, and the air wras driven to the front through a 10 in. box
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conduit of square section. When the work was well advanced

tliis apparatus was deemed to be insufficient, and the exhaust-

ing bells described in the Chapter Ventilation were used, and

operated by a powerful turbine, whose motive-power was a

stream of 75 gallons of water per second with a head of 60 ft
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CHAPTER X.

TUNNELS THROUGH HARD ROCK (Continued). -

THE SIMPLON TUNNEL.*

BEFORE entering upon a description of the constructive

details of this, the longest railway tunnel in the world, it may
be well to give a general idea of the undertaking. Many
schemes for the connection of Italy and Switzerland by a rail-

way near the Simplon Road Pass have been devised, including

one involving no great length of underground work, the line

mounting by steep gradients and sharp curves. The present

scheme, put forward in 1881 by the Jura-Simplon Ry. Co., con-

sists broadly of piercing the Alps between Brigue, the present

railway terminus in the Rhone Valley, and Iselle, in the

gorge of the Diveria, on the Italian side, from which village

the railway will descend to the existing southern terminus at

Domo d'Ossola, a distance of about 11 miles.

In conjunction with this scheme a second tunnel is pro-

posed, to pierce the Bernese Alps under the Lotschen Pass

from Mittholz to a point near Turtman in the Rhone Valley ;

and thus, instead of the long detour by Lausanne and the Lake

of Geneva, there will be an almost direct line from Berne to

Milan via Thun, Brigue, and Domo d'Ossola.

Starting from Brigue, the new line, running gently up
the valley for 1J miles, will, on account of the proximity of

the Rhone, which has already been slightly diverted, enter the

tunnels on a curve to the right, of 1,050 ft. radius. At a

distance of 153 yards from the entrance, the straight portion

Abstract from a paper read before the Institution of Civil Engineers by Charles B.

Fox, Jan. 26, 1900.
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of the tunnel commences, and extends for 12 miles. The line

then curves to the left with a radius of 1,311 ft before emerging
on the left hank of the Diveria. Commencing at the northern

entrance, a gradient of 1 in 500 (the minimum for efficient

drainage) rises for a length of 5j miles to a level length of

550 yards in the center, and then a gradient of 1 in 143 de-

scends to the Italian side. On the way to Douio d'Ossola one

helical tunnel will be necessary, as has been carried out on the

St. Gotliard. There will be eventually two parallel tunnels,

having their centers 56 ft apart, each carrying one line of way;
but at the present time only one heading, that known as No. 1,

is being excavated to full size, No. 2 being left, masonry lined

\\ here necessary, for future developments. By means of cross

headings every 220 yds. the problems of transport and ventila-

tion are greatly facilitated, as will be seen later. As both

entrances are on curves, a small "gallery of direction" is

necessary, to allow corrections of alinement to be made direct

from the two observatories on the axis of the tunnel.

The outside installations are as nearly in duplicate as cir-

cumstances will allow, and consist of the necessary ofliivs.

workshops, engine-sheds, power-houses, smithies, and the nu-

merous buildings entailed by an important engineering scheme.

Great care is taken that the miners and men working in the

tunnel shall not suffer from the sudden change from the warm

headings to the cold Alpine air outside ; and for this purpose
a large building is in course of erection, where they will IH?

able to take off their damp working clothes, have a hot and

cold douche, put on a warm dry suit, and obtain refreshments

at a moderate cost Injfoiv returning to their homes. Instead

of i-;ich man having a locker in which to stow his clothes, A

perfect forest of cords hangs down from the wooden ceiling,

_'" ft. above floor-level, each cord passing over its own pulleys

and down the wall to a nuinlwivcl bt-laying-pin. Each cord

supports three hooks and a soa]>-dish, which, when loaded with

their owner's property, arc hauled up to the ceiling out of the
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way. There are 2,000 of these cords, spaced 1 ft. 6 ins. apart,

one to each man. The engineers and foremen are more priv-

ileged, being provided with dressing-rooms and baths, partitioned

off from the two main halls. An extensive clothes washing
and drying plant has been laid down, and also a large restau-

rant and canteen. At Iselle, a magazine holding 2,200 Ibs. of

dynamite is surrounded and divided into two separate parts by
earth-banks, 16 ft high. The two wooden houses, in which

the explosive is stored, are warmed by hot-water pipes to a

temperature between 61 F. and 77 F., and are watched by
a military patrol; but at Brigue a dynamite manufactory,
started by an enterprising company at the tiir.e of the com-

mencement of the works, supplies this commodity at frequent

intervals, thereby avoiding the necessity of storing in such

large quantities. This dynamite factory has been largely in-

creased, and supplies dynamite to nearly all the mining and

tunneling enterprises in Switzerland.

Geological Conditions. Before the Simplon tunnel was au-

thorized, expert evidence was taken as to the feasibility of

the project. The forecasts of the three engineers chosen,

in reference to the rock to be encountered and its probable

temperature, have, as far as the galleries have gone (an ag-

gregate distance of nearly 2 miles), generally been found

correct. At the north end, a dark argillaceous schist veined

with quartz was met with, and from time to time beds of

gypsum and dolomite have been traversed, the dip of the

strata being on the whole favorable to progress, though timber-

ing is resorted to at dangerous places. Water was plentiful

at the commencement; in fact, one inrush has not been stopped,

and is still flowing down the heading. The total quantity of

water flowing from the tunnel mouth is 16 gallons per second.

of which 2 gallons per second are accounted for by the drilling

machines. At Iselle, however, a very hard antigorio gneiss

obtains, and is likely to extend for 4 miles. Very dry and

very compact, it requires no timbering, and presents no great
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difficulty to the powerful Brandt rock-thills, which work under

ahead of 8,2w> ft. of water.

The temperature of the rock depends not only on the depth
from the surface, hut largely upon the general form of that sin-

face combined with the conductivity of the rock. Taking
these points into consideration with the experience gained from

the construction of the St Gothard tunnel, 95 F. was esti-

mated as the probable maximum temperature, owing to the

height of Monte Leone (11,660 ft), which lies almost directly

over the tunnel axis.

Survey After having determined upon the general position

of the tunnels, taking into consideration the necessary gra-

dients, the temperature of the rock, and a large bed of trouble-

some gypsum on the north side, two fixed points on the

proposed center line were taken, one at each entrance of tunnel

No. 1, and the bearings of these two points, with reference to

a triangulation survey made in 1876, were calculated sufficiently

accurately to determine, for the time being, the direction of

the tunnel. In 1898, a new triangulation survey was made,

taking in eleven summits, Monte Leone holding the central

position. This survey was tied into that of the Wasenhorn

and Faulhorn, made by the Swiss Government, and the accuracy
was such that the probable error in the meeting of the two

headings is only 6 cms. or _ I ins.

On the top of each summit is placed a signal, consisting of

a small pillar of masonry founded on rock, and cap|>ed with a

sharp pointed cone of /.inc, 1 ft. <> ins. high. An observatory

was built at each end of the tunnel in such a position that three

of the summits could be seen, a condition very difficult to fulfill

on the south side owing to the drpth of the gorge, the moun-

tains on either side Ixung over 7,000 ft high. Having taken

the angles to and from each visible signal, and therefrom having

calculated the direction of the tunnel, it was necessary to fix,

with extreme accuracy, sighting-pom to on the axis of the tunnel,

in order to avoid sighting on to the surrounding peaks for each
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subsequent correction of the alinement of the galleries. To
do this, a theodolite 24 ins. long and 2| ins. in diameter,

with a magnifying power of 40 times, was set up in the observ-

atory, and about 100 readings were taken of the angles between

the surrounding signals and the required sighting-points. In

this manner the error likely to occur was diminished to less

than 1'. Thus at the north end two points were found about

550 yds. before and behind the observatory, while on the south

side, owing to the narrowness of the gorge, the points could

only be placed at 82 yds. and 126 yds. in front. One of these

sighting-points consists of a fine sciatch ruled on a piece of glass

fixed in an iron frame, behind which is placed an acetylene

lamp, corrections of alinement are always done by night,

the whole being rigidly fixed into a niche cut in the rock and

protected from climatic and other disturbing agencies by an

iron plate.

Method of Checking Alinement. The direction of heading
No. 1 is checked by experts from the Government Survey De-

partment at Lausanne about three times a year, and for this

purpose a transit instrument is set up in the observatory. A
number of three-legged iron tables are placed at intervals of

1 mile or 2 miles along the axis of tunnel No. 1, and upon
each of these is placed a horizontal plane, movable by means of

an adjusting screw, in a direction at right angles to the axis,

along a graduated scale. On this plane are small sockets, into

which the legs of an acetylene lamp and screen, or of the

transit instrument, can be quickly and accurately placed. The

screen has a vertical slit, 3 ins. in height, and variable between

}g in. and fa in. in breadth, according to the state of the atmos-

phere, and at a distance shows a fine thread of light. The

instrument, having first been sighted on to the illuminated

scratch of the sighting-point, is directed up the tunnel, where a

thread of light is shown from the first table. With the aid of

a telephone this light is adjusted so that its image is exactly

coincident Avith the cross hairs, and the reading on the gradu-
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ated scale is noted. This is done four or five times, the aver-

age of these readings being taken as correct, and the plane is

clamped to that average. The instrument is then taken to the

first table and is placed quickly and accurately over the point

just found (by means of the sockets), and the lamp is carried

to the observatory. After first sighting back, a second point is

given on the second table, and so on. Tin-so points are marked

either temporarily in the roof of the heading ly a short piece

of cord hanging down, or permanently l>\ a Krass point held by
a small steel cylinder, 8 ins. long and : ins. in diameter, em-

bedded in concrete in the rock floor, and protected by a circular

casting, also sunk in cement concrete, holding an iron cover

resembling that of a small manhole. From time to time the

alinement is checked from these points by the engineers, ami

after each blast the general direction is given by the hand from

the temporary points. To check the results of the triangula-

tion survey, astronomical observations have been taken simul-

taneously at each end. With regard to the levels, those given
on the excellent Government surveys have lieen taken a>

rect, but they have also been checked over the pass.

Details of Tunnels. In cross-section, tunnel No. 1 is 13 ft.

7 ins. wide at formation level, increasing to 10 ft. 5 ins., \\ilh

a total height of 18 ft above rail-level, and a cross-sectional

area of about 250 sq. ft. This large section will allow of

small repairs being executed in the roof without interruption

of the traffic, and will also allow of strengthening the walls by

additional masonry on the inside. The thickness of the lining.

never wholly absent, and the material of which it is composed,

depend upon the pressure to be rented, and only in the worst

case is an invert resorted to. The side drain, to which the rock

floor is made to slope, will be composed of half-pipes of 7 to 1

cement concrete. The roof is constructed of radial stones.

Tunnel No. 2, being left as a heading, is driven on that side

nearest to No. 1, to minimize the length of the cross-headings,

and measures 10 ft 2 ins. wide by
'

ft. 7 ins. high. Masonry



100 TUNNELING

is used only where necessary, and in that case is so built as to

form part of the lining of the tunnel when eventually com-

pleted. Concrete is put in to form a foundation for the side

wall, and a water channel. The cross-headings, connecting the

two parallel headings, occur every 220 yds., and are placed at

an angle of 56 to the axis of the tunnel, to avoid sharp curves

in the contractors' railway lines. They will eventually be used

as much as possible for refuges, chambers for storing the tools

and equipment of the platelayers, and signal-cabins. The ref-

uges, 6 ft. 7 ins. wide by 6 ft. 7 ins. high and 3 ft. 3 ins. deep,

occur every 110 yards, every tenth being enlarged to 9 ft. 10

ins. wide by 9 ft. 10 ins. deep and 10 ft. 2 ins. high, still larger

chambers being constructed at greater intervals.

Method of Excavation. The work at each end of the tunnel

is carried on quite independently, consequently, though similar

in principle, the methods vary in detail, apart from the fact that

different geological strata require different treatment. Broadly

speaking, the two parallel headings, each 59 sq. ft. in section,

are first driven by means of drilling-machines and the use of

dynamite, this work being carried on day and night, seven days
in the week ; No. 1 heading is then enlarged to full size by

hand-drilling and dynamite. On the Italian side, where the

rock is hard and compact, breakups are made at intervals of

50 yds., and a top gallery is driven in both directions, but, for

ventilation reasons, is never allowed to get more than 4 yds.

ahead of the breakup, which is gradually lengthened and

widened to the required section. No timbering is required,

except to facilitate the excavation and the construction of the

side walls. Steel centers are employed for the arch ; they entail

fewer supports, give more room, and are capable of being used

over again more frequently, without damage. They consist

of two I-beams bent to a template and riveted together at the

crown, resting at either side on scaffolding at intervals of 6 ft.
;

longitudinals, 12 ft. by 4 ins. by 4 ins., support the roof. Hand

rock-drilling is carried out in the ordinary way, one man holding
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the tool and a second

striking ; measure-

ments of exeavation

are taken every 2 or

3 yds., a pluml>-line is

suspended from the

center of the roof, and

at every half-meter

(20 ins.) of height

horizontal measure-

ments are taken to

each side.

At the Brigue end

a softer rock is en-

countered, necessitatr

ing at times heavy

timbering in the head-

ing, and especially in

the final excavation

to full si/.e, Fig. 56.

The bottom heading,

6 ft. 6 in. high, is

driven in the center,

and the heading is

then widened to the

full extent and tim-

bered ; the concrete

forming the water

channel and the foun-

dation for one side

wall is put in ; the

side walls are built to a height of 6 ft. 6 ins., and the tunnel

is fully excavated to a further height of 6 ft. 6 ins. from the

first st;r_rni'_;. Tii-- side Vffclll |M fcaMB MUtfaNiad ':; fol tfci

second 6 ft 6 ins., and froi.i the second floor a third height of

Fio. Bfl. RkctchM Showing StfMMt of Work la

Excaratlng and Lining luo Hlui|>ln Tunnel.
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6 ft. 6 ins. is excavated and timbered. Finally the crown is

cleared out, heavy wooden centers are put in, the arch is turned,

and all timbers are withdrawn except the top poling-boards,

supporting the loose rock.

The masonry for the side walls is obtained either from the

tunnel itself or from a neighboring quarry, and varies in char-

acter according to the pressure ; but the face of the arch is al-

ways of cut or artificial stones, the latter being of 7 to 1 cement

concrete. Where the alinement heading, or the "gallery of

direction," joins the curving portion of tunnel No. 1, the section

is very much greater, and necessitates special timbering.

Transport (Italian Side). A small line of railway, 2 ft. 7$
ins. gauge, with 40-lb. rails, enters all three portals ; but since

the construction of a wooden bridge over the Diveria, the route

through the "
gallery of direction," across heading No. 2, to

tunnel No. 1, is used exclusively; this railway leads to the face

in both headings, and, where convenient, from one heading to

the other by the cross-galleries. Different types of wagons are

in use ; but in general they are four-wheeled, non-tipping box

wagons, supplied with brakes and holding 2 cu. yds. of debris.

A special type of locomotive is used, designed to pass round

curves of 50 ft. radius, and supplied with a specially large boiler

to avoid firing in the tunnel.

Method of Working. The drilling-machines employed are of

the Brandt type, Fig. 57, and are mounted in the following
manner : A small four-wheeled carriage supports at its center

a beam, the shorter arm of which carries the boring mechanism

and the longer a counterpoise ; near its center is the distributor.

In the short arm is a clamp holding the rack-bar or butting

column, which is a wrought-iron cylinder with a plunger con-

stituting a ram, and is jammed by hydraulic pressure between

the walls of the heading, thus forming a rigid support for the

boring-machine, and an efficient abutment against the i eaction

of the drill. This rack-bar can be rotated on its cl inp in a

plane parallel to the axis of the beam. Three or four separate
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boring-machines can be mounted on the rack-bar, and can be

adjusted in any reasonable position.

The boring-machine performs the double function of con-

tinually pressing the drill into the rock by means of a hollow

ram (1), and of imparting to the drill and ram a uniform rotary

motion. This rotary motion is given by a twin cylinder single-

acting hydraulic motor (J?), the two pistons, of 2$ ins. stroke,

acting reciprocally as valves. The cranks are fixed at an angle
of 90 to each other on the shaft, which carries a worm, gearing
with a worm-wheel ((>) mounted upon the shell (.R) of the

Pio. 57. General Details of the Brandt RoUry Drill* Employed at the SImplon Tunnel.

hollow ram (1), and this shell in turn engages the ram by a

long feather, leaving it free to slide axially to or from the face

of the rock. The average speed of the motor is 150 revolutions

to 200 revolutions per minute, the maximum speed being 800

revolutions per minute. The loss of power between the worm

and worm-wheel is only 15 % at the most; the worm being of

hardened steel and the wheel of gun-metal, the two surfaces in

contact acquire a high degree of polish, resulting in little wear-

ing or heating. Taking into consideration all other sources of

loss, 70 % of the total power is utilized. The pressure on the
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drill is exerted by a cylinder and hollow ram (/), which revolves

about the differential piston (), which is fixed to the envelope

holding the shell (.#) This envelope is rigidly connected to

the bed-plate of the motor, and, by means of the vertical hinge
and pin (T), is held by the clamp (F) embracing the rack-bar.

When water is admitted to the space in front of the differential

piston the ram carrying the drilling-tool is thrust forward, and

when admitted to the annular space behind the piston, the ram

recedes, withdrawing the tool from the blast-hole. The drill

proper is a hollow tube of tough steel 2j ins. in external diame-

ter, armed with three or four sharp and hardened teeth, and

makes from five to ten revolutions per minute, according to the

nature of the rock. When the ram has reached the end of its

stroke of 2 ft 2 ins., the tool is quickly withdrawn from the

hole and unscrewed from the ram
;
an extension rod is then

screwed into the tool and into the ram, and the boring is con-

tinued, additional lengths being added as the tool grinds for-

ward; each change of tool or rod takes about 15 sees, to 25

sees, to perform. The extension rods are forged steel tubes,

fitted with four-threaded screws, and having the same external

diameter as the drill. They are made in standard lengths of

2 ft. 8 ins., 1 ft. 10 ins., and 11 J ins. The total weight of the

drilling-machine is 264 Ibs., and that of the rack-bar when full

of water is 308 Ibs. The exhaust water from the two motor

cylinders escapes through a tube in the center of the ram and

along the bore of the extension rods and drill, thereby scouring

away the debris and keeping the drill cool ; any superfluous

water finds an exit through a hose below the motors and thence

away down the heading. The distributor, already mentioned,

supplies each boring-machine and the rack-bar with hydraulic

pressure from the mains, with which connection is effected by

means of flexible or articulated pipe connections, allowing free-

dom in all directions. The area of the piston for advancing
the tool is 15^ sq. ins., which under a pressure of 1470 Ibs. per

sq. in. gives a pressure of over 10 tons on the tool, while for
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withdrawing the tool 2J tons is available. In the rock found at

Iselle, namely, antigorio gneiss, a hole j; ins. in diameter and

3 ft. 3 ins. in length i> drilled, normally, in 1 '2 mins. to 25 mins.
;

a daily rate of advance of 18 ft to 19 ft G ins. is made in a

heading having a minimum eross-section of 59 sq. ft. ; the time

taken to drill ten to twelve holes, 4 ft. 7 ins. deep, is - '

hrs.

When the debris resulting from one operation has been

sufficiently cleared away, a steel flooring, which is provided
near the face to enable shoveling to be more easily done, and

to give an even floor for the wheels of the drilling-carriage, is

laid bare at the head of the line of mils, and the drilling-

machines are brought up on their carriage by eight or ten

men. When advanced sufficiently close to the face, the rack-

bar is slewed round across the gallery and is wedged up against

th'j rock sides ; connection is made between the distributor and

the hydraulic main, by means of the flexible pipe, and pressure

is supplied by a small copper tube to the rack-bar ram, thereby

rigidly holding the machine. Next, connections are made

between the three drilling-machines and the di.stributor, and in

20 mins. from the time the machine w;is brought up all three

drills are hard at work, water pouring from the holes.

The noise of the motors and grinding-tools is sufficient to

drown all but shouts; and where the extension rods do not lit

tightly, small jets of water play in all directions, necessitating

the wearing of tarpaulins by the men directing the tools.

Lighting is done wholly by small oil-lam{is, provided with a

hook to facilitate fixing in any crack in the rock; electricity

will probably be used to light that portion of the tunnel which

is completed.

Two men are allotted to each drill, one to drive the motor,

tin* other to direct and replenish the tool, one foreman and two

men in reserve completing the gang. A small hammer is frelv

used to loosen the screw joints of the extension rods and drill.

A hole is usually commenced by a two-edged flat-pointed tool.

until a sufficient depth is reached to prevent the circular tool
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from wandering over the face of the rock, but in many instances

the hole is commenced with a circular tool. The exhaust

water during this period flows away by the hose underneath

the motor. In the antigorio gneiss, ten to twelve holes are

drilled for each attack, three to four in the center to a depth of

3 ft. 3 ins., the remainder, disposed round the outside of the

face, having a depth of 4 ft. 7 in. The average time taken to

complete the holes is If hr. to 2 hrs. Instead of pulverizing
the rock, as do the diamond drills, it is found that the rock is

crushed, and that headway is gained somewhat in the manner

of a circular saw through wood. The core of rock inside the

tool breaks up into small pieces, and can be taken out if

necessary when the drill requires lengthening.

The lowest holes, inclined downwards, are full of water ;

consequently two detonators and two fuses are inserted, but

apart from this, water has little effect on the charge. The

fuses of the central holes are brought together and cut off

shorter than those of the outer holes, in order that they may

explode first to increase the effect of the outer charges. All

portable objects, such as drills, pipe connections, tools, etc., have

meanwhile been carried back ; the steel flooring is covered over

with a layer of debris to prevent injury from falling rock, and

to the end of the hydraulic main is screwed a brass plug

pierced by five holes ; and immediately the explosions occur a

valve is opened in the tunnel, and five jets of water play upon
the rock, laying the dust and clearing the air. The necessity

for this was shown on one occasion when this nozzle was

broken by the explosion and the water had to be turned off

immediately to avoid useless waste ;
on reaching the face, the

atmosphere was found to be so highly charged with dust and

smoke that it was impossible to distinguish the stones at the

feet, although a lamp had been placed on the ground; and

despite the fact that the air tube was in full blast, the men ex-

perienced great difficulty in breathing. A truck is now brought

up, and four men clear a passage in front, through the heap of
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debris, two with picks and two with shovels, while on either

side and behind are as many men as space will permit The
stone is thrown either to the sides of the heading or into the

wagon, shoveling being greatly aided by the steel flooring,

which, before the explosion, hud been laid over the rails for

nearly 10 yds. down the tunnel to receive the falling rock.

These steel plates are taken up when cleared, and the wagon
is pushed forward until the drilling-machine can be brought up

again, leaving the remaining debris at the sides to be handled

at leisure during the next attack. The roof and side walls are,

of course, carefully examined with the pick, to discover and

detach any loose or hanging rock. The times taken for each

portion of the attack in this particular antigorio gneiss are as

follows: Bringing up and adjustment of drills, 20 mins. ; drill-

ing, between lj hr. and 2 hrs.
; charging and firing, 15 mins.;

clearing away debris, 2 hrs. ;
or for one whole attack, between

4 hrs. and 5i hrs., resulting in an advance of 3 ft 9 in., or a

daily advance of nearly 18 ft

Fnmi this it appears that the time spent in clearing away
the debris equals that taken up in drilling, and it is in this clear-

ing that a saving of time is likely to be effected rather than in

tin- process of drilling. Many schemes have been tried, such as

a mechanical plow for making a jKissage ; at Brigue,
" marin-

age," or clearing by means of powerful high-pressure water-jets,

directed down the tunnel, was tried, but the idea is not yet

sufficiently developed.

. \nothrr series of experiments has been tried at Brigue

with regard to the utilization of liquid air as an explosive

agent instead of dynamite ; and for this purpose a plant has lieen

laid down, consisting of one ammonia-compressor, two air-com-

pressors, and two refrigerators, furnishing ,' gallon of liquid

air per hour at an expenditure of 17 1 1. P. The system used is

that of Professor Linde, who himself directs the experiment*.

The great difficulty experienced is that of shortening the interval

of time that must elapse between the manufacture of the
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cartridge and its explosion. The liquid oxygen, with which

the cartridge, containing kieselguhr (silicious earth) and

paraffin, is saturated, evaporates very readily, losing power

every moment ; hence the effect of each cartridge cannot be

guaranteed, and though it is an exceedingly powerful explosive

when used immediately after manufacture, no practical result

has yet been obtained.

Power Station. Water is abundant at either end, and there-

fore hydraulic power is the motive force employed. On the

Italian side, a darn 5 ft. high has been thrown across the Diveria

at a point near the Swiss frontier, about 3 miles above the site

of the installations. A portion of the water thus held back

enters, through regulating doors and gratings, a masonry
channel leading to two parallel settling tanks, each 111 ft. by
16 ft., whence, after dropping all its sand and solid matter, the

now pure water passes into the water-house, and, after flowing
over a dam, through a grating and past the admission doors,

enters a metallic conduit of 3-ft. pipes. Each of the settling

tanks and the approach canal are provided with doors at the

lower end leading direct to the river, through which all the

sand and solid matter deposited can be scoured naturally by

allowing the river-water to rush freely through. For this pur-

pose the floor of the basins is on an average gradient of 1 in 30.

For a similar reason the river-bed just outside the entrance to

the approach canal is lined with wooden planks, from which

the stones collecting behind the dam can be scoured by allow-

ing an iron flap, hinged at the bottom, to change its position

from the vertical to the horizontal in a gap left purposely in the

dam, so causing a rushing torrent to sweep it clean.

The chief levels are :

Level of water at dam 794.00 meters above sea level.

" in water-house 703.70 " " " "

" at turbines 618.50 " " " "

giving a total fall of 175.20 ms. or 570 ft., and a pressure of

17.52 atmospheres.
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The quantity of water capable of being taken from the

Diveria in winter, when the rivers which are dependent upon
the mountain snows for their supply are at their lowest, is

calculated to be 352 gallons per second. Thus, taking the

fall to be diminished by friction, etc., to 440 ft., and the use-

ful effect at 70 %, there is obtained 2,000 H.P. on the turbine

shaft.

The metallic conduit varies in material according to the

pressure; thus cast-iron pipes 3 ft. in diameter and {$ in.

thick are used up to a pressure of 2 atmospheres, from which

point they are of wrought-iron. The cast-iron portion has of

late caused a <n>>d deal of trouble, owing to settlement of the

piers causing occasional bursts, consequently a masonry pier

has been placed under each joint of this portion. The follow-

ing table gives the thicknesses and diameters, varying with the

pressure :

WATER
PRESSURE.
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flanges embedded in the masonry, constitute a rigid fixed point.

Straw mats are thrown over the pipe where it is exposed to the

sun. The temperature of the conduit is not, however, found to

vary greatly, since the pipe is kept full of water. To supply
the rock-drills with water at a maximum pressure of 100

atmospheres, or 1,470 Ibs. per sq. in., a plant of four pairs of

high-pressure pumps has been laid down, and a still larger

addition is in course of erection. At present, two Pelton

turbines of 250 H.P. each, running at 170 revolutions per

minute, drive the pumps, by means of toothed gearing, at 63

revolutions per minute. These pumps are of very simple but

strong construction, single suction and double delivery, entail-

ing one suction and one delivery-valve, both heavy and both of

small lift. The larger portion of the plunger has exactly

double the cross-sectional area of the smaller portion, so that in

the forward stroke half of the water taken in at the last

admission is pumped into the high-pressure mains, and at the

same time a fresh supply of water is sucked in. During the

backward stroke half of this new supply is pumped into

the mains, and the remainder enters the second chamber, to

be pumped during the next forward stroke. Thus the work

done in the two strokes is practically the same. The pumps
are in pairs, and are set at an angle of 90, to insure uniform

pressure and uniform delivery in the mains. Their size varies
;

but at Iselle there are three pairs, with a stroke of 2 ft. 2 ins.,

and the plungers of 2 {& in. and Ij ins. (approximately) in

diameter, supplying 1.32 gallons per second.

To avoid injury to the valves, the water to be pumped is

taken from a stream up the mountain side, and is passed

through filter screens. The high-pressure water, after passing

an accumulator, enters the tunnel in solid drawn wrought-iroii

tubes, 3^ ins. in internal diameter, fs in. thick, and in lengths

of 26 ft. The diameter of these mains varies with their length,

so as to avoid loss of pressure. With the 1,250 yds. of tunnel

now driven 10 atmospheres are lost.
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At Brigue the installations are, as far as jxissible, identical.

The Rhone water, however, before reaching the water-house, is

carried from the filter basins, a distance of 2 miles, in an
arm >red canal built upon the Hennebique system,* the walls

and supporting beams, of cement concrete, being strengthened

by internal tie-bars of steel. The concrete struts, resembling
balks of timl>er at a distance, are occasionally 35 ft high and

1 ft. 7i ins. square. The metallic conduit is 5 ft, in diameter,

with a minimum flow of 170 cu. ft per second and a total fall

of 185 ft. In case water-power should be unavailable, three

semi-portable steam engines, two of 80 H.P. and one of 60 H.I'.,

are always kept in readiness at each end of the tunnel, and am

geared by belts to the turbine shaft.

Ventilation. In tunneling, one of the most import a ni prol>-

lems to be solved is that of ventilation, and it is for this i>

that the Simplon tunnel consists of two parallel headings with

crosscuts at intervals of 2*20 yds. At Brigue, a shaft 1JJ ft.

deep was sunk through the overlying rock until the "gallery of

direction
" was encountered. Up this chimney the foul air is

drawn by wood fires, the fresh air a volume of llUXMijMH)

cu. ft per day, or 13,200 cu. ft per minute entering by

heading No. 2, penetrating up to the last cross gallon-, and

returning by tunnel No. 1. The entrances of No. 1 and th

44

gallery of direction," besides those of all the intermediate

cross galleries, are closed by doors. By this arrangement, how-

ever, fresh air does not reach the working faces; therefore a

pipe, 8 ins. in diameter, is led from the fresh air in No. - to

within 15 yds. of the face of each heading, and up this pipe a

draft of air is induced by means of a jet of water, the volume

to each face l>eing 800 cu. ft. per minute. One single jet of

water from the high-pressure mains, with a diameter of
,', in.,

is capable of supplying over 1,000 cu. ft of air per minute at

the end of 160 yds. of pipe, and during the attack the men at

the drills are in a constant breeze with the thermometer stand-

Network u( iel rwl>eoibktod la eooento.
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ing at 70 F. At Iselle, air is blown into the entrance of

heading No. 2 at the rate of 14,100 cu. ft. per minute by two

fans driven from the turbine shaft. This air travels from the

fans along a pipe, 18 ins. in diameter, till a point 15 yds. up
the tunnel is reached, where beyond a door the pipe narrows to

form a nozzle 10 ins. in diameter. This door is kept open to

allow the outside air to be induced up the tunnel, as the head-

ings are at present only 2,500 yds. long, giving a resistance of

not quite sufficient power to cause the air to return. The fresh

air then travels up No. 2, crossing over the top of the "
gallery

of direction," from which it is shut off by doors, to the last

cross gallery, returning by No. 1, and finally leaving either by
the "

gallery of direction
"
or by No. 1. A system of cooling

the air and driving it on by means of a large number of water-

jets will be installed in No. 2 where that heading crosses over

the "
gallery of direction," but at present there is no need for

it.

The average temperature at the face is 73 F. during the

drilling operation, 76 F. after firing the charges, and a max-

imum of 80 F., lately attaining to 86 F. on the south side,

with 80 F. and 85 F. before and after firing. The tempera-

ture of the rock is taken at every 110 yds. in holes 5 ft. deep,

and shows a gradual increase according to the depth of over-

laying rock, to the conductivity of the rock, and to the form of

the mountain surface. The maximum hitherto reached on the

north side is 68 F., while on the south side, although a smaller

distance has been traversed, it attains to 79 F., due to the

more rapid increase in depth. Moreover, the temperature of

the rock is observed at the permanent stations, 550 yds. from

the entrances, in its relation to that of the tunnel and outside

air, and though on the north side that of the rock varies almost

as quickly as that of the tunnel air, on the south it is influenced

very much less.

A few statistics may be of interest with regard to the prog-

ress of the last three months (taken from the trimestrial report
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of January, IJ'OO). At Brigue, where there are three drilling-

nmi-hines in No. 1 and two in tin- parallel heading, the total

length i-xt -avaird was 995 yds. or 6,409 cu. yds. in 89 working

days, the average cross-sectional area being 57 sq. ft This re-

quired 507 attacks and 3,066 holes, which had a total depth of

26,600 ft., and 14,700 re-sharpenings of the drilling-tool, with

44,000 Ibs. of dynamite.
The average time occupied in drilling was '2 hrs. 45 iniiis.,

while charging, firing, and clearing away the cUbris took 6 hrs.,

35 mins. At Brigue 648 men and 29 horses were employed at

one time in the tunnel. At Iselle the numbers were 496 men

and 16 horses, working in shifts of 8 hrs. Outside the tunnel,

in the shops, forges, etc., the men work 8 hrs. to 1 1 hrs. per

day, the total being 541 men at Brigue and 346 men at Iselle.

On the Italian side, where the rock is very much harder, there

were three drilling-machines in each heading ; the total length

excavated, with a cross-sectional area of 62 sq. ft, was 960 yds.

or 6,700 cu. yds. in 91 working days. This required 61,293

re-sharpened tools, 758 attacks, 7,940 holes with a total depth

of 33,000 ft,, and 56,000 Ibs. of dynamite. The average time

spent in drilling was 2 hrs. 55 mins., and in charging and clear

ing 2 hrs. 36 mins. Thus, in the hard gneiss, to excavate 1 cu.

yd. of rock required 8 Ibs. of dynamite, and each tool pierced

6 ins. of rock l>efore it required re-sharpening.

Up to January 1, 1900, the total length of heading on the

north side was 2,515 yds., and on the south side 1,720 yds,, or

a total of 4,235 yds. out of 21,575 yds., the full length of the

tunnel. Allowing for unavoidable and unforeseen occurrences,

such as strikes, war, etc-., the contractors expect to complete

tunnel No. 1 and the parallel heading by May, 1904.
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CHAPTER XL

TUNNELS THROUGH HARD ROCK (Continued).
EXCAVATION BY HEADINGS. ST. GOTH-

ARD TUNNEL. BUSK TUNNEL.

THE more common method of tunneling through hard rock

is to begin the work by a heading, instead of by a drift. This

heading may be of small dimensions, and the remainder of the

section may also be removed in successive small parts, or it may
be the full width of the section, and the enlargement of the

section be made in one other cut.

General Discussion. When the tunnel is excavated by means

of several cuts, which is the method usually employed in

Europe, the sequence of work is as indicated by Fig. 57.

Work is begun by driving the center top heading No 1, whose

floor is at the level of the bottom of the roof arch, and which is

usually excavated by the circular cut method. This heading is

widened by removing parts No. 2 until the top part of the sec-

tion is removed, then the roof arch is built with its feet rest-

ing on the unexcavated rock below. The lower portion of the

section or bench is removed by first sinking the trench No. 3,

after which part No. 4 is taken out, and then part No. 5, and

the side walls built. Part Xo. 6 for the culvert is finally

opened. The heading is, as a rule, diiven far in advance, but

the excavation of each of the other parts follows the preceding

one at a distance behind of about 300 ft.

The strutting, when any is required, is usually the typical

radial strutting of the Belgian method of tunneling. The

masonry lining is constructed practically the same as in tunnels

excavated by a drift. The hauling is done on a single track

laid in the heading No. 1, which separates into double tracks
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where the full top section has been excavated by the removal

>t parts N<>. These two tracks are again combined ami form

a single track along the top of p:irt No. 5, which has been left

widiM- than part No. 4 for this particular purpose. When purt
No. 3 is t- xravatrd a standard-gauge track is laid on its floor;

and as the full section of the tunnel is completed by taking out

parts Nos. 4 and o, this single track is replaced by two standard-

gauge tracks, into which it switches. Spoil is transferred from

the narrow-gauge tracks on the upper level, to the standard-

gauge tracks on the tunnel floor, by means of chutes, and build-

ing material is transferred in the opposite direction by means of

hoisting apparatus.

When the excavation is made by a single wide heading, and

a single other cut for removing the bench, which is the method

preferred by American engineers, the work begins by removing
a top heading the full width of the section. This heading is

usually made 7 ft. or 8 ft. high, and is excavated by the center cut

method. The method of strutting usually employed, is to erect

successive three- or five-segment timber arches, whose feet rest

on the top of the bench ; when the bench is removed, posts an
inserted under the feet of each arch. These arches are covered

with a lagging of plank. In America it has often been the

practice to let this strutting serve as a temporary lining, and to

replace it only after some time, often after years, with a perma-

nent lining of masonry. In a succeeding chapter, some of the

nit-tin xls adopted in relining timler-lined arches with masonry
are drsrriiVd. The hauling is done by a narrow-gauge track

l.vid on tin- bottom of tin- heading, and by either narrow or

lir<>ad gauge tracks laid on the floor of the completed section

Ix-lttw. A device called a lieiich carriage is often employed to

cnal ile the cars running on the heading tracks to dump their

loads into the cars below, without interfering with the work on

the bench front. This device consists of a wide platform

carried on trucks, running on rails at the sides of the tunnel

floor, so that it is level with the floor of the heading. The
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front of this platform carries a hinged leaf which may be raised

and lowered, and which forms a sort of gang-plank reaching to

the floor of the heading. By running the heading cars out on to

this traveling platform, they can be dumped into the cars below

entirely clear of the work in progress on the bench front.

For the purpose of illustrating the two methods of driving
tunnels by a heading, which have been briefly described, the St.

Gothard and the Busk tunnels have been selected. The St.

Gothard tunnel is selected, as being the longest tunnel in the

world, and because it was excavated by a number of small parts ;

and the Busk tunnel, as being a single-track tunnel, driven by
a heading, and bench, and having a timber lining.

St. Gothard Tunnel The St. Gothard tunnel penetrates the

Alps between Italy and France, and is 9^ miles long. It was

constructed in 1872-82.

Material Penetrated. The St. Gothard tunnel was excavated

through rock, consisting chiefly of gneiss, mica-schist, serpen-

tine, and hornblend, the strata having an inclination of from

45 to 90. At many points the rock was fissured, and disin-

tegrated easily, and water was en-

countered in large quantities, caus-

ing much trouble.

Excavation. The sequence of

excavation is shown by Fig. 15,

p. 32. First the top center head-

ing, No. 1, whose dimensions varied

from 8.25 x 8.6 ft. to 8.5 x 9 ft.,

according to the quality of the rock,

was driven never less than 1,000 ft.

and sometimes over 3,000 ft. in

advance of parts No. 2. The exca-

vation of parts No. 2 opened up the full top section, and parts

Nos. 3, 4, 5, 6, and 7, were removed in the order numbered.

Strutting. Where regular strutting was required, the con-

struction shown in Fig. 59 was adopted.

FIG. 58. Diagram Showing Se-

quence of Excavation in Heading
Method of Tunneling Rock.
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M ifmry. The St Gothard tunnel is lined Uiroughout with

masonry. After the upper portion of the section waa fully

excavated, the roof arch was built with its feet resting upon
short planks on the top of the bench. Plank centers were used

in constructing the arch. For the arch brick masonry waa

employed, but the side walls were built of rubble masonry.
Shelter niches, about 3 ft. deep, were built into the side walls

at intervals, and about every 3,000 ft. storage nidu-s about 10

ft deep, and closed with a door, were constructed. The cul-

vert was of brick masonry.
Mechanical Installation. Water-power was used exclusively

in driving the SL Gothard tunnel. At the north end, the

Reuss, and at the south end, the Tessin and the Tremola, rivers

or torrents were dammed, and their waters conducted to tur-

bine plants at the opposite ends of the tunnel. The power thus

furnished by the Ileuss was about 1,500 H.P., and the power
furnished by the combined supply of the Tessin and Tremola

was 1,220 H.P. The turbine plant at both ends at first con-

sisted of four horizontal impulse turbines, but later, two nnnv

turbines were added at the south end. Each of the two s

four turbines first installed drove five groujw of three onupivs-

sors each, and the two supplementary turbines drove two groups
of four compressors each. The compressors were of the Coll<l>n

type with water injection, and four groups of three compressors

each were capable of furnishing 1,000 cu. yds. of air compressed
to between seven and eight atmospheres every hour, or almut

100 H.P. per hour, delivered to the drills at the front This

iiir when exhausted provided about 8,000 cu. yds. of fresh air

per hour for ventilation.

The compressors at each entrance discharged into a group
of four cylindrical receivers of wrought-iron each 5.8 ft in

diameter by 29.5 ft long, and having a capacity of 593 cu. ft

The cylinders were placed horizontally, the first one receiving

the air at one end and discharging it at the other end into the

next cylinder, and so on. By this arrangement the air was
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drained of its moisture, and the discharge from the end receiver

into the tunnel delivery pipes was not affected by the pulsations

of the compressors. The delivery pipe decreased from 8 in.

in diameter at the receiver to 4 ins. in diameter, and finally to

2^ ins. in diameter, at the front.

The drills employed were of various patterns.
'

The first one

employed was the Dubois & Franois "
perforator," in which the

drill-bit was fed forward by hand. This was replaced by Fer-

roux drills having an automatic feed. Jules McKean's "
perfo-

rator
" was employed at the north end of the tunnel. All of

these drills were of the percussion type, and were mounted on

carriages running on tracks. Their comparative efficiency was

officially tested in drilling granitic gneiss with an operating
air pressure of 5.5 atmospheres with the following results :

NAME OF DRILL. PENETRATION INS. PER Mix.

Ferroux 1.6

McKean 1.4

Dubois & Francois 1.04

Souminelier 0.85

The heading was excavated by the circular cut method, the

holes being driven as follows : Near the center of the heading
three holes were first drilled, converging so as to inclose a

pyramid with a triangular base. Around these center holes

from 9 to 13 others were driven parallel to the tunnel axis.

The center holes were blasted first, and then the surrounding
holes. From 3 to 5 hours were required to drill the two sets

of holes, and from three to four hours were required to remove

the blasted rock. The number of holes drilled in removing
each of the various parts was as follows :

Part No. 1 6 to 9

Part No. 2 6 to 10

Part No. 3 2

Part No. 4 6 to 9

Part No. 5 3

Part No. 6 6 to 9

Part No. 7 1

Total for full section . 39 tolo
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Hauling. Two different systems were employed for haul-

ing the spoil and construction material in the St. Gothard

tunnel. To remove the spoil from parts Nos. 1 and 2 a narrow-

gauge track was laid on the floor of the heading, and the care

were hauled by horses, the grade being descending from the

fronts. These narrow-gauge cars were dumped into larger

broad-gauge cars running on the track laid on the floor of the

completed section and hauled by compressed air locomotives

(Fig. 59). To raise the incoming structural material from the

broad-gauge cars to the narrow-gauge care running on the level

above, hoisting devices were employed.

Method of Strutting Roof, St Gothard
Tunnel.

Sketch Showing Arrangement of Car

Track*, St. (iotnmrd Tunnel.

Busk Tunnel The Busk tunnel, 9,094 ft long, was built

between Busk and Ivanhoe stations, on the Colorado Midland

R.K. in Colorado. Fig. 60 is a transverse section of the

tunnel ; it is for a single track, and is 15 ft wide and 21 ft

high.

Material Penetrated. The material through which the

tunnel was driven was a gray granite of irregular character.

In some places the rock was found extremely hard to drill and

blast, and stood perfectly uj>on exposure to the air, while in other

places, where it seemed at first equally as hard and firm, it dis-

integrated upon exposure, and it was found necessary to timber
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the excavation. In other

places, where no disinte-

gration was apparent,

the rock was full of

seams and faults, and it

was necessary to support
the detached fragments

by timbering. In a few

places quite large cavi-

ties were encountered,

which were filled with

liquid mud. In one place

the inrush of liquid mud
was so sudden and the

stream so strong that

\}Q meil barelv CSCaped*

with their lives.

Excavation. The excavation was made by a heading 7 ft.

high and the full width of the section, and by a single bencli

excavation. In driving the heading two sets of holes were

Double Timbering in Heavy Oround.

FIG. GO. Transverse Section of Busk Tunnel Colorado

Midland R. R., Colorado.
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drilled. The first set of eight holes were driven in two rows

from top to bottom, the holes being about 2 ft. ajuirt on the

surface, and converging toward the center of the tunnel.

These holes were 12 ft. deep, and the action of the blast was

to blow out a wedge-shaped cavity in the face. The holes of

the second set were drilled at the sides of the front and

parallel to the sides of the section, and the blast blew out the

remainder of the rock into the wedge-shaped center cavity.

The method of excavating the bench was nearly the same as

that of excavating the heading.

Mi-i-fnini'-'it Iiintiiffufittn. The following machinery was

employed in connection with the construction of the tunnel:

at the Ivanhoe end, three 100 H. I*, boilers; two 20 x 24 in.

Ingersoll compressors, and one 20 x 24 in. Norwalk compres-

sor; a 10 II. 1'. engine driving an electric-light dynamo, and a

20 H. P. engine driving a No. 6 Baker blower, forcing fresh

air into the tunnel through a 14-in. pipe. In the tunnel one

No. 7 and one No. 9 Cameron pump, and a Deane duplex

pump with a 10-in. stroke, were employed to keep the excava-

tion clear of water, since tli3 grade descended uniformly from

the Ivanhoe end, and the water followed the workings. At the

Husk end the plant consisted of three 80 II. P. boiler*. t\v..

20 X 24-in. Ingersoll compressors, 10 H. P. and 20 H. P. en-

gines respectively, for the electric light dynamo and the blm\-r.

Four 3 in. Ingersoll eclipse drills were used in each heading,

and two on each bench, making six drills at each end of the

tunnel.

Strnttiiii/ and Lining. For about 78% of its length the

tunnel is lined with timlier. The timbering consist* <f a five-

segment arch for the roof, resting on a wall plate which is car-

ried by vertical side jiosts. The segments of the arch, the wall

plates, and the posts, are 12 X 12-inch timbers. The roof arches

and tin- |>',-ts supporting the wall plates are spaced 4 ft. apart,

center to center. Alx>ve the arches is laid a lagging of 2-inch

longitudinal planks. The arches were set up as fast as the
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heading was driven, and rested upon the bench until it was

removed and the side posts inserted. Where niud pockets
were met the plank lagging was inserted behind the side posts

as well as above the roof-arch ribs, and when the pressures were

unusually great a double lining was employed.

Progress of Work. The rate of progress made in exca-

vating the Busk tunnel was as follows :
-

Total time consumed in driving the heading 1,118 clays

Average daily progress for both headings 8.4 feet

Greatest progress in one month 337

Average daily progress, one month, 31 days 10.87

Greatest progress in one month (28 days) at one end . . 202.5

Average progress in one month (28 days) at one end . . 7.23

Greatest monthly progress on bench 218

Average daily progress on bench 7.79

Cost of Work. The cost of the tunnel was calculated on

the assumption that the excavation per lineal foot was 10.19

cu. yds., and where the section was enlarged for timbering,

1379 cu. yds. The contractors' estimate for excavating and

timbering the tunnel was as follows :

Excavation of 9,393.66 lineal feet @ $62,50 .... $587,103.73

Enlargement for timbering 32,575 cubic yards . . . 81,437.50

Cost of timber 81,600.00

Cost of labor on timbering 2,723,000 ft. B. M. @ $12 . 32,676.00

Total $782,817.25

This is an average cost per lineal foot of tunnel of $83.14,

which is very close to the average cost of single-track timber-

lined tunnels in America, which is usually figured at $85 per

lineal foot.

COMPARISON OF METHODS.

The differences between the drift and heading methods of

excavating tunnels through rock, consist chiefly in the excava-

tions, strutting, and hauling. When the drift method is em-

ployed an advanced gallery is opened along the floor of the
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tunnel before the upper part of the section is removed, and

when the heading method is employed the upper part of the

section is completely excavated and lined before any part of

the section below is excavated. When the drift method of

driving is employed polygonal strutting is usually used, and

longitudinal strutting is employed with the heading method of

driving. In the drift method the hauling is done by one system
of tracks at the same level, while in the heading method two

systems of tracks are employed at different levels.

It is, perhaps, impossible to state without qualification, which

method is the better. European engineers unanimously prefer

excavation by a drift, especially for long tunnels. An advan-

tage that this method affords in long tunnels is, that the water

which is usually found in large quantities under high moun-

tains is easily collected in the drift and conveyed to the culvert,

while in the heading method the water from the advance gallery

before being collected into the culvert built on the floor of the

tunnel, must pass through all the workings. This may be a

serious inconvenience when water is found in large quantities,

as, for instance, was the case in the St Gothard tunnel, where

the stream amounted to 57 gallons per second. The heading

method has an advantage in tunneling loose rock, since it is the

more economical in strutting.
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CHAPTER XII.

REPRESENTATIVE MECHANICAL INSTALLA-
TIONS FOR TUNNEL WORK.

THE important role played by the power plant and other

mechanical installations in constructing tunnels through rock

has already been mentioned. In some methods of soft-ground

tunneling, and particularly in soft-ground subaqueous tunnel-

ing, it is also often necessary to employ a mechanical installa-

tion but slightly inferior in size and cost to those used in

tunneling rock. The general character of the mechanical

plant required for tunnel work has been described in another

chapter. It is
1

proposed to describe very briefly here a few

typical individual plants of this character, which will in some

respects give a better idea of this phase of tunnel work than

the more general descriptions.

Rock Tunnels. The tunnels selected to illustrate the me-

chanical installations employed in tunneling through rock ore :

The Hoosac Tunnel, the Cascade Tunnel, the Niagara Falls

Power Tunnel, the Palisades Tunnel, the Croton Aqueduct
Tunnel, the Strickler Tunnel, in America, and the Graveholz

Tunnel and the Sonnstein Tunnel in Europe. In addition

there will be found in other chapters of this book a description

of the mechanical installation at the Busk tunnel and at the

St. Gothard and Simplon tunnels.

Hoosac Tunnel. The Hoosac tunnel on the Fitchburg R.R:

in Massachusetts is 25,000 ft. long, and the longest tunnel in

America. The material through which the tunnel was driven

was chiefly hard granitic gneiss, conglomerate, and mica-schist

rock. The excavation was conducted from the entrances and
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one shaft, the wide heading and single-bench method being

employed, with the center-cut system of blasting which was

here used for the first time. The tunnel was begun in 1854,

and continued by hand until 1866, when the mechanical plant

was installed. Most of the particular machines employed have

now become obsolete, but as they were the first machines used

for rock tunneling in America they deserve mention. The
drills used were Burleigh percussion drills, operated by com-

pressed air. Six of these drills were mounted on a single car-

riage, and two carriages were used at each front. The air to

operate these drills was supplied by air compressors operated

by water-power at the portals and steam-power at the shaft.

The air compressors consisted of four horizontal single-acting

air cylinders with poppet valves and water injection. The

compressors were designed by Mr. Thomas Deane the chief

engineer of the tunnel.

Palistuli-x Tunnel. The Palisades tunnel was constructed to

carry a double-track railway line through the ridge of rocks

bordering the west bank of the Hudson River and known as

the Palisades. It was located about opposite 116th St. in New
York city. The material penetrated was a hard trap rock very

full of seams in places, which caused large fragments to fall

from the roof. The excavation was made by a single wide

heading and bench, employing the center-cut method of blast-

ing with eight center holes and 16 side holes for the 7 x 18 ft

heading. Ingersoll-Sergeant 2^ in. drills were used, four in

each heading and six on each bench, and 30 ft per 10 hours

was considered good work for one drill.

The power-plant was situated at the west jmrtal of the

tunnel, and the power was transmitted by electricity and com-

pressed air to the middle shaft and east portal workings. The

plant consisted of eight 100 H. P. boilers, furnishing steam to

four Rand duplex 18 x 22 in. air compressors, and an engine

running a 30 arc light dynamo. The compressed air was car-

ried over the ridge by pijies varying from 10 ins. to 5 ins. in
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cliaiMeter to the shaft and to the east portal, and was used for

operating the hoisting engines as well as the drills at these

workings. Inside the tunnel, specially designed derrick cars

were employed to handle large stones, they being also operated

by compressed air. This car ran on a center track, while the

mucking cars ran on side tracks, and it was employed to lift

the bodies of the cars from the trucks, place them close to the

front, being worked where large stone could be rolled into

them, and return them to the trucks for removal. In addition

to handling the car bodies the derrick was used to lift heavy
stones. The hauling was done at first by horse-power, and

later by dummy locomotives.

Croton Aqueduct Tunnel. In the construction of the Croton

Aqueduct for the water supply of New York city, a tunnel 31

miles long was built, running from the Croton Dam to the

Gate House at 135th St. in New York city. The section of

the tunnel varies in form, but is generally either a circular or a

horse-shoe section. In all cases the section was designed to

have a capacity for the flow of water equal to a cylinder 14 ft.

in diameter. To drive the tunnel, 40 shafts were employed.

The material penetrated was of almost every character, from

quicksand to granitic rock, but the bulk of the work was in

rock of some character. The excavation in rock was conducted

by the wide heading and bench method, employing the center-

cut method of blasting. Four air drills, mounted on two

double-arm columns, were employed in the heading. The

drills for the bench work were mounted on tripods. Steam-

power wras used exclusively for operating the compressors,

hoisting engines, ventilating fans and pumps ; but the size and

kind of boilers used, as well as the kind and capacity of the

machines which they operated, varied greatly, since a separate

power-plant was employed for each shaft with a few exceptions.

A description of the plant at one of the shafts will give an

indication of the size and character of those at the other shafts,

and for this purpose the plant at shaft 10 has been selected.
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At shaft 10 steam was provided by two Ingersoll boilers of

80 II. P. each, and by a small upright boiler of 8 H. P. There

were two 18 x 30 in. Ingersoll air compressors pumping into

two 4:2 in. x 10 ft and two 42 in. x 12 ft. Ingersoll receivers.

In tin- rxravation there were twelve 3^ in. and six 3jj in.

Ingersoll drills, four drills mounted on two double-arm columns

being used on each heading, and the remainder mounted on

tripods being used on the bench. Two Dickson cages operated

by one 12 x 12 in. Dickson reversible double hoisting engine

provided transportation for material and supplies up and down
the shaft. A Thomson-Houston ten-light dynamo operated by
a Lidgerwood engine provided light. Drainage was effected by
means of two No. 9 and one No. 6 Cameron pumps. At this

particular shaft the air exhausted from the drills gave ample

ventilation, especially when after each blast the smoke waa

cleared away by a jet of compressed air. In other workings,

however, where this means of ventilation was not sufficient,

Baker blowers were generally employed.

Strickler Tunnel. The Strickler tunnel for the water

supply of Colorado Springs, Col., is 6,441 ft long with a Mo-

tion of 4 ft. x 7 ft. It penetrates the ridge connecting Pike's

Peak and the Big Honi Mountains, at an elevation of 11,540

ft. above sea level. The material penetrated is a coarse

porphyritic granite and morainal de'bris, the portion through

the latter material being lined. The mechanical installation

consisted of a water power electric plant operating air com-

pressors. The water from Buxton Creek having a fall of

2,400 ft was utilized to operate a 36 in. 220 H. P. Pelton

\vatn-\\lieel. which unrated a loO K. W. three-phase generator.

From this generator a 3,500 volt current was transmitted to

the east portal of the tunnel, where a step-down transformer

reduced it to a 220 volt current to the motor. The transmis-

sion line consisted of three No. 5 wires carried on cross-Ann

poles and provided with lightning arresters at intervals. Hie

plant at the east portal of the tunnel consisted of a 75 H. P.
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electric motor, driving a 75 H.P. air compressor, and of small

motors to drive a Sturtevant blower for ventilation, to run the

blacksmith shop, and to light the tunnel, shop, and yards.

From the compressor air was piped into the tunnel at the

east end, and also over the mountain to the west portal work-

ings. Two drills were used at each end, and the air was

also used for operating derricks and other machinery. For

removing the spoil a trolley carrier system was employed. A
longitudinal timber was fastened to the tunnel roof, directly

in the apex of the roof arch. This timber carried by means

of hangers a steel bar trolley rail on which the carriages ran.

Outside of the portal this rail formed a loop, so that the

carriage could pass around the loop and be taken back to

the working face. Each carriage carried a steel span of l cu.

ft. capacity, so suspended that by means of a tripping device

it was automatically dumped when the proper point on the

loop was reached.

Niagara Falls Power Tunnel. The tail-race tunnel built

to carry away the water discharged from the turbines of the

Niagara Falls Power Co., has a horse-shoe section 19 x 21 ft.

and a length of 6,700 ft. It was driven through rock from

three shafts by the center-cut method of blasting. In sink-

ing shaft No. very little water was encountered, but at shafts

Nos. 1 and 2 an inflow of 800 gallons and 600 gallons per

minute, respectively, was encountered. The principal plant

was located at shaft No. 2, and consisted of eight 100 H. P.

boilers, three 18 x 30 in. Rand duplex air compressors, a

Thomson-Houston electric-light plant, and a sawmill with a

capacity of 20,000 ft. B. M. per day. The shafts were fitted

with Otis automatic hoisting engines, with double cages at

shafts Nos. 1 and 2, and a single cage at shaft No. 0. The

drills used were 25 Rand drills and three Ingersoll-Sergeant

drills. The pumping plant at shaft No. 2 consisted of four

No. 7 and one No. 9 Cameron pumps, and that at shaft No. 2

consisted of two No. 7 and two No. 9 Cameron pumps and



MKOIANICAL INSTALLATIONS FOR TUNNEL WORK 129

three Snow pumps. An auxiliary boiler plant consisting of

t\\<> t!0 II. 1'. boilers was located at shaft No. 1, and another,

consisting of one 75 H. P. boiler, was located at shaft No. 0.

Cascade Tunnel. The Cascade tunnel was built in 1886-

88 to cany the double tracks of the Northern Pacific Ry.

through the Cascade Mountains in Washington. It is 9,850 ft.

long with a cross-section 16
\

ft wide and 22 ft high, and

is lined with masonry. The material penetrated was a basaltic

rock, with a dip of the strata of about 5. The rock was

excavated by a wide heading and one bench, using the center-

cut system of blasting. A strutting consisting of five-segmrnt

timber arches earned on side posts, spaced from 2 ft. to 4 ft

apart, and having a roof lagging of 4 x 6 in. timbers packed
above with cord-wood. The mechanical plant of the tunnel is

of particular interest, because of the fact that all the machinery
and supplies had to be hauled from 82 to 87 miles by teams,

over a road cut through the forests covering the mountain

slopes. This work required from Feb. 22 to July 15, 1886, to

perform. In many places the grades were so steep that the

wagons had to be hauled by block and tackle. The plant n in-

sisted of five engines, two water-wheels, five air compressors,

eight 70 H. P. steam-boilers, four large exhaust fans, two m-

plete electric arc-lighting plants, two fully equipped machine-

shop outfits, 36 air drills, two locomotives, 60 dump cars, ami

two sawmill outfits, with the necessary accessories for these \.ui-

ous machines. This plant was divided alxmt equally between

the two ends of the tunnel. The cost of the plant and of

the work of getting it into position was $1*25,000.

Graveholz Tunnel. The Graveholz tunnel on the Bergen

Railway in Norway is notable as being the longest tunnel in

northern Europe, and also as being built for a single-track

narrow-gauge mil way. This tunnel is 17,400 feet long, and in

located at an elevation of 2,900 ft above sea-level. Only

about 3% of the length of the tunnel is lined. The mechani-

cal installation consists of a turbine plant operating the v
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machines. There are two turbines of 100 H. P. and 120 H. P.

taking water from a reservoir on the mountain slope, and

furnishing 220 H. P., which is distributed about as follows :

Boring-machines, 60 H. P. ; ventilation, 30 to 40 H. P.
; elec-

tric locomotives, 15 H. P.
; machine shop, 15 H. P. ; electric-

lighting dynamo, 25 H. P. ; electric drills, the surplus, or some

40 H. P. The boring-machines and electric drills will be

operated by the smaller 100 H. P. turbine.

Sonnstein Tunnel. The Sonnstein tunnel in Germany is

particularly interesting because of the exclusive use of Brandt

rotary drills. The tunnel was driven through dolomite and

hard limestone by means of a drift and two side galleries. The

dimensions of the drift were 1\ x 7 ft. The power plant con-

sisted of two steam pressure pumps, one accumulator, and four

drills. The steam-boiler plant, hi addition to operating the

pumps, also supplied power for operating a rotary pump for

drainage and a blower for ventilation. The hydraulic pressure

required was 75 atmospheres in the dolomite, and from 85 to

100 atmospheres in the limestone. The drift was excavated

with five 3^ in. holes, one being placed at the center and

driven parallel to the axis of the tunnel, and four being placed

at the corners of a rectangle corresponding to the sides of the

drift, and driven at an angle diverging from the center hole.

The average depths of the holes were 4.3 ft., and the efficiency

of the drills was 1 in. per minute. One drill was employed
at each front, and was operated by a machinist and two helpers,

who worked eight-hour shifts, with a blast between shifts at

first, and later twelve-hour shifts, with a blast between shifts.

The 24 hours of the two shifts were divided as follows : boring

the holes, 10.7 hours; charging the holes, 1.1 hours; removing
the spoil, 11.7 hours; changing shifts, 0.5 hour. The average

progress per day for each machine was 6.7 ft. The total cost

of the plant was 817.450.

St. Glair River Tunnel. The submarine double-track rail-

way tunnel under the St. Clair River for the Grand Trunk Ry.,
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is 8,500 ft. long, and was driven through clay by means of a

shield, as described in the succeeding chapter on the shield

system of tunneling. The mechanical plant installed for pros-

ecuting the work was very complete. To furnish steam to the

air compressors, pumps, electric-light engines, noisting-engines,

etc., a steam-plant was provided on each side of the river, con-

sisting of three 70 H. P. and four 80 H. P. Scotch portable

boilers. The air-compressor plant at each end consisted of

two 20 X 24 in. Ingersoll air compressors. To furnish light to

the workings, two 100 candle-power Edison dynamos were in-

stalled on the American side, and two Ball dynamos of the same

size were installed on the Canadian side. The dynamos on

both sides were driven by Annington & Sims engines. These

dynamos furnished light to the tunnel workings and to the

machine-shops and power-plant at each end. Root blowers of

10,000 cu. ft. per minute capacity provided ventilation. The

pumping plant consisted of one set of pumps installed for per-

manent drainage, and another set installed for drainage during

construction, and also to remain in place as apart of the permanent

plant. The latter set consisted of two 500 gallon Wnrthington

duplex jminjw set first outside of each air lock, closing the ends

<>f the river portion of the tunnel, for permanent drainagt,

a drainage shaft was sunk on the Canadian side of die river,

and connected with a pump at the bottom of the open-out

approach. In this shaft were placed a vertical, direct acting,

comjKiunil condensing pumping engine with two I'.M in. high-

-ure and two 33) in. low-pressure cylinders of 24 in. stroke,

connected to double-acting pumps with a capacity of 8000

gallons |*-r minute, ami also two duplex pumps of 500 gallons

capacity per minute. For permanent drainage on the American

side, four \Vnrthington pumps of 8,000 gallons' capacity were

installed in a pump-house set back into the slope of the open-

cut approach. For the permanent drainage of the tunnel

proper two 400 gallon pumps were placed at the lowest point

of the tunnel grade. Spoil coming from the tunnel proper was
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hoisted to the top of the open cut by derricks operated by two

50 H. P. Lidgervvood hoisting-engines. The pressure pumping
plant for supplying water to the hydraulic shield-jacks at each

end of the tunnel consisted of duplex direct-acting engines
with 12 in. steam cylinders and 1 in. water cylinders, supply-

ing water at a pressure of 2000 Ibs. per sq. in.
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CHAI'TKU XIII.

EXCAVATING TUNNELS THROUGH SOFT
GROUND; GENERAL DISCUSSION; THE

BELGIAN METHOD.

GENERAL DISCUSSION.

IT may be set down as a general truth that the excavation

of tunnels through soft ground is the most difficult tusk which

confronts the tunnel engineer. 1'nder the general term of soft

Around, however, a great variety of materials is included, be-

ginning with stratified soft rock and the most stable sands and

clays, and ending with laminated day of the worst character.

From this it is evident that certain kinds of soft-ground

tunneling may IN- less difficult titan tin- tunneling of rock,

and that other kinds may present almost insurmountable dif-

ficulties. Classing lx)th the easy and the difficult materials

together, however, the accuracy of the statement first made

holds good in a genenil way. Whatever the opinion may I*

in regard to this jMunt, however, there is no chance for dispute

in the statement that the difficulty of tunneling the softer and

more treacherous clays, peats, and sands is greater than that

of tunneling firm soils and rock; and if we describe the methods

which an- used successfully ill tunneling very unstable material*,

no difficulty need lie experienced in modifying them to handle

stable materials.

Characteristic* of Soft-Ground Tunneling. The principal char-

acteristics which distinguish soft-ground tunneling arc, first,

that tin- material is excavated without the use of cxplogives,

and second, that the excavation has to be strutted practically
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as fast as it is completed. In treacherous soils the excavation

also presents other characteristic phenomena: The material

forming the walls of the excavation tends to cave and slide.

This tendency may develop immediately upon excavation, or it

may be of slower growth, due to weathering and other nat-

ural causes. In either case the roof of the excavations tends

to fall, the sides tend to cave inward and squeeze together, and

the bottom tends to bulge or swell upward. In materials of

very unstable character these movements exert enormous pres-

sures upon the timbering or strutting, and in especially bad

cases may destroy and crush the strutting completely. Out-

side the tunnel the surface of the ground above sinks for a con-

siderable distance on each side of the line of the tunnel.

Methods of Soft-Ground Tunneling. There are a variety of

methods of tunneling through soft ground. Some of these,

like the quicksand method and the shield method, differ in char-

acter entirely, while in others, like the Belgian, German, Eng-

lish, Austrian, and Italian methods, the difference consists

simply in the different order in which the drifts and headings

are driven, in the difference in the number and size of these

advance galleries, and in the different forms of strutting frame-

work employed. In this book the shield method is considered

individually ;
but the description of the Belgian, German, Eng-

lish, Austrian, Italian, and quicksand methods are grouped

together in this and the three succeeding chapters to permit of

easy comparison.

THE BELGIAN METHOD OF TUNNELING THROUGH SOFT
GROUND.

The Belgian method of tunneling through soft ground was

first employed in 1828 in excavating the Charleroy tunnel of

the Brussels-Charleroy Canal in Belgium, and it takes its name

from the country in which it originated. The distinctive char-

acteristic of the method is the construction of the roof arch
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before the side walls and invert are built. The excavation,

therefore, begins with the driving of a top center heading
\\hii-h is enlarged until the whole of the section above the

springing lines of the arch is opened. Various modifications

of the method have been developed, and some of the UK in-

important of these will be described farther on, but we shall

begin its consideration here by describing first the original and

usual mode of procedure.

Excavation. Fig. 61 is the excavation diagram of the Bel-

gian method of tunneling. The excavation is begun by open-

ing the center top heading No. 1, which is carried ahead a

greater or less distance, depending upon the nature of the soil,

and is immediately strutted. This heading is then deepened

Fioa. 61 and 82. Diagrams Showing Sequence of Excavations in the Belgian Method.

by excavating part No. 2, to a depth corresponding to tlu

springing lines of the roof arch. The next step is to remove

the two side sections No. 3, by attacking them at the two fronts

and at the sides with four gangs of excavators. The regularity

and efficiency of the mode of procedure described consist in

adopting such dimensions for these several parts of the section

that each will be excavated at the same rate of speed. When
the upper part of the section has been excavated as descrilx-d,

the roof arch is built, with ite frrt supported by the unexca-

vated earth below. This portion of the section is excavated by

taking out first the central trench No. 4 to the depth of the

bottom of the tunnel, and then by removing the two side parts

No. 5. As these side parts No. 5 have to support the arch,
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they have to be excavated in such a way as not to endanger it.

At intervals along the central trench No. 4, transverse or side

trenches about 2 ft. wide are excavated on both sides, and

struts are inserted to support the masonry previously supported

by the earth which has been removed. The next step is to

widen these side trenches, and insert struts until all of the

material in parts No. 5 is taken out.

When the material penetrated is firm enough to permit, the

plan of excavation illustrated by the diagram, Fig. 62, is substi-

tuted for the more typical one just described. The only differ-

ence in the two methods consists in the plan of excavating the

upper part of the profile, which in the second method consists

in driving first the center top heading No. 1, and then in tak-

ing out the remainder of the section above the springing lines

of the arch in one operation, while in the first method it is done

in two operations. The distance ahead of the masonry to

which the various parts can be driven varies from 10 ft. to, in

some cases, 100 ft., being very short in treacherous ground, and

longer the more stable the material is.

Strutting. The longitudinal method of strutting, with the

poling-boards running transversely of the tunnel, is always

employed in the Belgian method of tunneling. In driving the

first center top heading, pairs of vertical posts carrying a trans-

verse cap-piece are erected at intervals. On these cap-pieces

are carried two longitudinal bars, which in turn support the

saddle planks. As fast as part No. 2, Fig. 61, is excavated,

the vertical posts are replaced by the batter posts A and B,

Fig. 63. The excavation of parts No. 3 is begun at the top,

the poling-boards a and I being inserted as the work pro-

gresses. To support the outer ends of these poling-boards, the

longitudinals X and Y are inserted and supported by the batter

posts (7 and D. In exactly the same way the poling-boards c

and cZ, the longitudinals F"and IF", and the struts E and F, are

placed in position ; and this procedure is repeated until the

whole top part of the section is strutted, as shown by Fig. 63,
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the cross struts .r, y, z, etc., being inserted to hold the radial

struts firmly in position. The feet of the various radial

props rest on the sill M N. These fan-like timber struct mvs

are set up at intervals of from 3 ft. to 6 ft, depending upon
the quality of the soil penetrated.

Pin. 63. Sketch Showing Radial Roof Strutting, Belgian Method.

Centers. Either plank or trussed centers may be employed
in laying the roof arch in the Belgian method, but the form of

center commonly employed is a trussed center constructed as

shown by Fig. 0*4. It may be said to consist of a king-po>t

truss carried on top of a modified form of queen-post truss.

The collar-beam and the tie-beam of the queen-post truss are

spaced about 7 ft. ajKirt, and

the posts themselves are left far

enough apart to allow the pas-

sage of workmen and care be-

tween them. The tie l>eam of

the king-post truss is damped
to the collar-l>eam of the queen-

post truss by iron bands. On

the rafters of the two trusses are fawN-m-o! timU'is, with tln-ir

outer edges cut to the curve of the roof arch. These centers

;m >ct up midway between the fan-like strutting frames
j.r.

\i-

ously descril>ed. They are usually built of square timbers.

The tie teams are usually *> x 6 in., and the struts and posts

4 x 4 in. timbers. The reason for giving the larger sectimril

Pin. . Sketch Showing Konf Arab

Center, Belgian Method.
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dimensions to the tie beams, contrary to the usual practice in

constructing centers, is that it has to serve as a sill for distrib-

uting the pressure to the foundation of unexcavated soil

which supports the center. Sometimes a sub-sill is used to

support the center upon the soil ; and in any case wedges are

employed to carry it, which can be removed for the purpose of

striking the center. After the arch is completed, the centers

may be removed immediately, or may be left in position until

the masonry has thoroughly set. In either case the leading

center over which the arch masonry terminates temporarily is

left in position until the next section of the arch is built.

Masonry. The masoniy of the roof arch, which is the first

part built, is of necessity begun at the springing lines, and the

first course rests on short lengths of heavy planks. These

planks, besides giving an even surface upon which to begin the

masonry, are essential in furnishing a bearing to the struts

inserted to support the arch while the earth below them, part

No. 5, Fig. 61, is being excavated. As the arch masonry

progresses from the springing lines upward, the radial posts

of the strutting are removed, and replaced by short struts rest-

ing on the lagging of the centers, which support the crown

bars or longitudinals until the masonry is in place, when they

and the poling-boards are removed, and the space between the

arch masonry and walls of the excavation is filled with stone

or well-rammed earth.

Considering now the side wall masonry, it will be re-

membered that in excavating the part No. 5, Fig. 61, of the

section, frequent side trenches were excavated, and struts

inserted to take the weight of the masonry. These struts are

inserted on a batter, with their feet near the center of the

tunnel floor, so that the side wall masonry may be carried up
behind them to a height as near as possible to the springing

lines of the arch. When this is done the struts are removed,

and the space remaining between the top of the partly fin-

ished side wall and the arch is filled in. This leaves the arch
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supported by alternate lengths or pillars of unexcavated earth

and completed side wall. The next step is to remove the

remaining sections of earth between the section* of aide wall,

and fill in the space with masonry.

Fig. 65 is a cross-section, showing
the masonry completed for one-half

and the inclined props in position

for the other half; and Fig. 67 is

a longitudinal section showing the

pillars of unexcavated earth be-

tween the consecutive sets of in-

clined struts and several other

details of the lining, strutting, and

excavating work.

The invert masonry is built after

the side walls are completed. This

is regarded as a defect of this method of tunneling, since the

lateral pressures may squeeze the side walls together and dis-

tort the arch before the invert is in place to brace them apart

Fio. 66. Sketch Showing Method of

I'nderpining Roof Arch with the

Side Wall MMonry.

To prevent as much as possible

the distortion of the arch after

the centers are removed, it is

considered go<xl practice to

shore the masonry with hori-

zontal beams having their ends

abutting against plank, as shown by Fifc. 65. These hori-

zontal lieams should lie placed at close intervals, and be

supported at intermediate points by vertical pontn, as shown

Km. 06. Illicit inlinul Hwtlon Showing
Conntructlon by the* Belgian Method.
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by the illustration. Since the roof arch rests for some time

supported directly by the unexcavated earth below, settle-

ment is liable, particularly in working through soft ground.
This fact may not be very important so long as the settle-

ment is uniform, and is not enough to encroach on the space

necessary for the safe passage of travel. To pi-event the

latter possibility the centers are placed from 9 ins. to 15 ins.

higher than their true positions, depending upon the nature of

the soil, so that considerable settlement is possible without any

danger of the necessary cross-section being infringed upon.

In conclusion it may be noted that the lining may be con-

structed in a series of consecutive rings, or as a single cylin-

drical mass.

Hauling. Since in this method of tunneling the upper part

of the section is excavated and lined before the excavation of

the lower part is begun, the upper portion is always more ad-

vanced than the lower. To carry away the earth excavated at

the front, therefore, an elevation has to be surmounted ; and

this is usually done by constructing an inclined plane rising

from the floor of the tunnel to the floor of the heading, as shown

by Fig. 66. This inclined plane has, of course, to be moved ahead

as the work advances, and to permit of this movement with as

little interruption of the other wrork as possible, two planes are

employed. One is erected at the right-hand side of the section,

and serves to carry the traffic while the left-hand side of the

lower section is being removed some distance ahead and the

other plane is being erected. The inclination given to these

planes depends upon the size of the loads to be hauled, but they

should always have as slight a grade as practicable. Narrow-

gauge tracks are laid on these planes and along the floor of the

upper part of the section passing through the center opening
mentioned before as being left in the centers and strutting.

In excavating the top center heading there is, of course, an-

other rise to its floor from the floor of the upper part of the

section. "Where, as is usually the case in soft soils, this top
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heading is not driven very far in advance, the earth from the

front is usually conveyed to the rear in wheelbarrows, and

dumped into the care standing on the tracks below. In firm

soils, where the heading is driven too far in advance to make

this method of conveyance inadequate, tracks are also laid on

the floor of the heading, and an inclined plane is built connect-

ing it with the tracks on the next level below. In place of

these inclined planes, and also in place of those between the floor

of the tunnel and the level above, some form of hoisting device

is sometimes employed to lift the cars from one level to the

other. There are some advantages to this method in point of

economy, but the hoisting-machines are not easily worked in

the darkness, and accidents are likely to occur.

In the advanced top heading and in the upper part of the

section narrow-gauge tracks are necessarily employed, and these

may be continued along the floor of the finished section, or the

permanent broad-gauge railway tracks may be laid as fast as

the full section is completed. In the former case the perma-
nent tracks are not laid until the entire tunnel is practically

completed ; and in the latter case, unless a third mil is laid, the

loads have to be transshipped from the broad- to the narrow-

gauge tracks or vice versa. It is the more general practice to

use a third rail rather than to transship every load.

Modifications. Considering the extent to which the Belgian

method of tunneling has been employed, it is not surprising

that many modifications of the standard mode of procedure

have been developed. 'Hie modification which differs most

from the standard form is, perhaps, that adopted in excavating

the Roosel>eck tunnel in Germany. This method preserves the

principal characteristic of the Helgian method, which is the

construction of the upper part of the section first; but instead

of building the side walls from the bottom upward, they are

built in small sections from the top downward. The excavation

begins by driving the center top heading No. 1, Fig. 67, whose

floor is at the level of the springing lines of the roof arch, and
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then the two side parts No. 2 are excavated, opening up the

entire upper portion of the section in which the roof arch is

built, as in the regular Belgian method. The next step is to

excavate part No. 3, shoring up the arch

at frequent intervals. Between these sets

of shoring the side walls are built, resting

on planks on the floor of part No. 3, and

then the sets of shores are removed and re-

placed by masonry. Next part No. 4 is

excavated, shored, and filled with masonry
as was part No. 3. In exactly the same

FIG. 67. Diagram Show-

ing Sequence of Excava- way parts 5, 6, 7, and 8 are constructed
tion in Modified Belgian , , -, i_ j TI , r.

in the order numbered. To prevent the

distortion of the arch during the side-wall

braced by horizontal struts, as described

Method.

construction it is

above in Fig. 65.

Advantages. The advantages of the Belgian method of

tunneling may be summarized as follows : (1) The excavation

progresses simultaneously at several points without the differ-

ent gangs of excavators interfering with each other, thus secur-

ing rapidity and efficiency of work; (2) the excavation is done

by driving a number of drifts or parts of small section, which

are immediately strutted, thus causing the minimum disturb-

ance of the surrounding material
; (3) the roof of the tunnel,

which is the part of the lining exposed to the greatest pressures,

is built first.

Disadvantages. The disadvantages of the Belgian method

of tunneling may be summarized as follows : (1) The roof arch

which rests at first on compressible soil is liable to sink ; (2)
before the invert is built there is danger of the arch and side

walls being distorted or sliding under the lateral pressures ; (3)
the masonry of the side walls has to be underpinned to the arch

masonry.

Accidents and Repairs. One of the most frequent accidents

in the Belgian method of tunneling is the sinking of the roof
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arch owing to its unstable foundation on the unexcavated soil

of the lower portion of the section. The amount of settlement

in iv vary from a few inches in tirm soil to over 2 ft. in loose

soils. To counteract the effect of this settlement it is the gene-
ral practice to build the arch some inches higher than its nor-

mal position. When the settlement is great enough to infringe

seriously upon the tunnel section, repairs have to be made ; and

the only way of accomplishing them is to demolish the arch and

rebuild it from the side walls. It is usually considered best not

to demolish the arch until the invert has been placed, so that

no further disturbance is likely once

the lining is completed anew.

The rotation of the arch about its

keystone, or the opening of the arch at

the crown, by the squeezing inward of

the haunches by the lateral pressures,

is another characteristic accident. Fig.

68 shows the nature of the distortion

produced ; the segments of the arch

move toward each other by revolving

on the intrndosal edges of the keystone,

which are broken away and crushed together with the operation,

while the extradosal edges are opened. It is to prevent this

occurrence that the horizontal struts shown in Fig. 65 are em-

ployed. The manner of repairing this accident differs, dej>end-

ing upon the extent of the injury. When the intradosal edges
of the keystone are but slightly crushed, the repairing is clone

as directed by Fig. <>0. When the keystone is completely

crushed, however, the indications are that the material of the

keystone, usually brick, is not strong enough to resist the

pressures coming nj)on it, and it is advisable to substitute a

stronger material in the repairs, and a stone keystone is con-

structed as shown by Fig. 70. The middle stone of this key-

stone extends through the depth of the arch ring, and the two

side stones only half-way through, their purpose being merely

Pio. 68. Sketch Showing
Failure of Roof Arch by
Opening at Crown.
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to resist the crushing forces which are greatest at the intrados.

Sometimes, when the pressures are unsymiuetrical, the arch

ring breaks at the haunches as well as the crown, as shown by

FIGS. 69 to 71. Sketches Showing Methods of Repairing Roof Arch Failures.

Fig. 71, which also indicates the mode of repairing. This

consists in demolishing the original arch, and rebuilding it

with stone voussoirs inserted in place of the brick in which the

rupture occurred.
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CHAPTER XIV.

THE GERMAN METHOD OF EXCAVATING
TUNNELS THROUGH SOFT GROUND;
BALTIMORE BELT LINE TUNNEL.

THE German method of tunneling was first used in 1803

in constructing the St. Quentin Canal. In 1837 the Konigs-
dorf tunnel of the Cologne and Aix la Chapelle R.K. was

excavated by the same method. The success of the method in

these two difficult pieces of soft-ground tunneling led to its

extensive adoption throughout Germany, and for this reason

it gradually came to be designated as the German method.

Briefly explained the method consists in excavating first an

annular gallery in which the side walls and roof arch are l>nilt

complete before taking out the center core and building the

invert.

Excavation. The excavation of tunnels by the German

method is l>egun either by driving two bottom side drifts or

by driving a center top heading. Fig. 73 shows the mode of

PlOB. 72 and 73. Diagram* Showing Sequence of Rxcarattan In Oormmn Method
of Tunneling.

procedure when bottom side drifts are used to start the work.

The two side drifts No. 1 are made from 7 ft. to 8 ft. wide,

and about one-third the total height of the full section ; the
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width of each heading has to be sufficient for the construction

of the masonry and strutting, and for the passage of narrow

spoil cars alongside them. These drifts are increased in height
to the springing line of the arch by taking out the two drifts

No. 2. Next the top center heading No. 3 is driven, and

iinally the two haunch headings No. 4 are excavated. The

center core No. 5 is utilized to support the strutting until

the side walls and roof arch are completed, when it is broken

down and removed. In case of very loose material-, where the

first side drifts cannot be carried as high as one-third the

height of the section, it is the common practice to make them

about one-fourth the height, and to take out the side portions

of the annular gallery in three parts, as

shown by Fig. 73.

The top center heading plan of com-

mencing the excavation is usually em-

ployed in firm materials or when a vein

of water is encountered in the upper part

of the section. In the latter contingency
a small bottom drift A, Fig. 74, is first

driven to serve as a drain
;
but in any

case the excavation proper of the tunnel

consists in first driving the center top

heading No. 1, and then by working both

ways along the profile parts, Nos. 2, 3, 4, and 5 are removed.

Part No. 6 is left to support the strutting until the side walls

and roof arch are built, when it is also excavated.

Strutting. When the excavation is begun by bottom side

drifts these drifts are strutted by erecting vertical posts close

against the sides of the drift and placing a cap-piece trans-

versely across the roof of the drift. The side posts are

usually supported by sills placed across the bottom of the drift.

These frameworks of posts, cap, and sill are erected at short

intervals, and the roof, and, if necessary, the sides of the drift

between them, are sustained by means of longitudinal poling-

FiG. 74. Diagram Show-

ing Sequence of Excava-

tions in Water Bearing

Material, German
Method.
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boards extending from one frame to the next The cap-pieces

of the strutting for the bottom drifts serve as sills for the

exactly similar strutting of the heading next above. To sup*

port tin- additional \veight, aiid to allow the construction of the

side walls, the strutting of the bottom drifts is strengthened by

inserting an intermediate post lietween the original side JMISUS

of each frame. These intermediate posts are not inserted at

the center of the frames or bents, but close to the wall masonry
line as shown by Fig. 75. This eccentric position of the po.st

. Sk.-t.-h Slioulng Work <f Kx- Fl<;. 76. Sketch Showing Meth<xt f

caratlntf mi'l TimbvriiiK I'riftx Mini K.M.f Strutting.

Heading*.

avoids any interference witli the hauling, and also allows the

removal of the adjacent side p"-t \\lien the masonry is

constructed.

Two methods of strutting the soffit of the excavation are

employed, one being a modification of the longitudinal system

employed in the Knglish method of tunneling described in a

succeeding luipter, and the other a modification of the Belgian

syst"in previously described. Fig. 76 shows the method of

employing the radial strutting of the Belgian system. At the

Iteginning the center top heading is strutted with rectangular
-"itx such as are employed for strutting the drifts. As this

heading is enlarged by taking out the haunch sections, radial

posts are inserted, as shown by Fig. 76, which also indicates
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the method of strutting the side trenches when the excavation

is carried downward from the center top heading instead of

upward from bottom side drifts.

Masonry. Whatever plan of excavation or strutting is

employed, the construction of the masonry lining in the German

method of tunneling begins at the foundations of the side walls

and is carried upward to the roof arch. The invert, if one is

required, is built after the center core of earth is removed.

Centering. Tunnel centers are generally employed in the

German method of tunneling, a common construction being
shown by Fig. 77. It is essen-

tially a queen-post truss, the tie

beam of which rests on a transverse

sill as shown by the illustration.

The transverse sill is supported

along its central portion by the

unexcavated center core of earth,

and at its ends either directly on

the vertical posts or on longitudi-

nal beams resting on these posts.

The diagonal members of the

queen-post truss form the bottom

chords of small king-post trusses

which are employed to build out the exterior member of the

center to a closer approximation to the curve of the arch.

Hauling. When the bottom side drift plan of excavation

is employed, the spoil from the front of the drift is removed in

narrow-gauge cars running on a track laid as close as practicable

to the center core. These same cars are also employed to take

the spoil from the drifts above, through holes left in the ceiling

strutting of the bottom drifts. The spoil from the soffit sec-

tions may be removed by the same car lines used in excavating
the drifts, or a narrow-gauge track may be laid on the top of the

center core for this special purpose. In the latter case the soffit

tracks are usually connected by means of inclined planes witli

PIG. 77. Sketch Showing Roof Arch
Centers and Arch Construction.
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the tracks on the bottoms of the side drifts. Generally, how-

ever, the separate soffit car line is not used unless the material

is of such a firm character that the headings and drifts can be

carried a great distance ahead of the masonry work. With the

center top heading plan of beginning the excavation, the car

tnu-k has, of course, to be laid on the top of the center core.

The center core itself is removed by means of car tracks along
the floor of the completed tunnel.

Advantages and Disadvantages. Like the Belgian method

of tunneling, the German method has its advantages and dis-

advantages. Since the excavation consists at first of a narrow

annular gallery only, the equilibrium of the earth is not greatly

disturbed, and the strutting does not need to be so heavy as in

methods where the opening is much larger. The undisturl>ed

-enter core also furnishes an excellent support for the strutting,

and for the centers upon which the roof arches are built

Another important advantage of the method is that the con-

struction of the masonry lining is begun logically at the bottom,

and progresses upward, and a more homogeneous and stable

eonstnietion is possible. The great disadvantage of the method

is the small space in which the hauling has to be done. The

spoil cars practically fill the narrow drifts in passing to and from

tin- fnmt, and interfere greatly with the \\<rk of the carpenters ^

and masons. Another objection to the method is that the

invert is the very hist portion of the lining to l>e built. This

may not IK? a serious objection in reasonably comjmct and stable

materials, but in very loose soils there is always the danger of

;ie walls l>eing squeezed together before the invert masonry
i> in position to hold them apart. Altogether the difficulties

are of a rharaeter which tend to increase the expense of the

mr t hod, and this is the reason why to-day it is seldom used

even in the eountry where it was first developed, and for some

extensively employed. For repairing accidents, sueh aa

the caving in of completed tunnels, the German method of tun-

neling is frequently used, localise of the ease with which the
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timbering is accomplished. In such cases the cost of the

method used cute a small figure, so long as it is safe and

expeditious.

BALTIMORE BELT LINE TUNNEL.

The Baltimore Belt Ry. Co. was organized in 1890 by
officials of the Baltimore & Ohio, and Western Maryland rail-

ways, and Baltimore Capitalists, to build 7 miles of double track

railway, mostly within the city limits of Baltimore. This rail-

way was partly open cut and embankment, and partly tunnel,

and its object was to afford the companies named facilities for

reaching the center of the city with their passengers and freight.

To carry out the work the Maryland Construction Co. was

organized by the parties interested, and in September, 1890, this

company let the contract for construction to Rayan & McDon-
ald of Baltimore, Md. The chief difficulties of the work cen-

tered in the construction of the Howard-street tunnel, 8,350 ft.

long, running underneath the principal business section of

the city.

Material Penetrated. The soil penetrated by the tunnel

was of almost all kinds and consistencies, but was chiefly sand

of varying degrees of fineness penetrated by seams of loam,

clay, and gravel. Some of the clay was so hard and tough that

it could not be removed except by blasting. Rock was also

found in a few places. For the most part, however, the work

was through soft ground, furnishing more or less water, which

necessitated unusual precautions to avoid the settling of the

street, and consequent damage to the buildings along the line.

A large quantity of water was encountered. Generally this

water could be removed by drainage and pumps, and the earth

be prevented from washing in by packing the space between the

timbering with hay or other materials. At points where the

inflow was greatest, and the earth was washed in despite

the hay packing, the method was adopted of driving 6-in. per-
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forated pipes into the sides of the excavation, and forcing

cement grout through them into the soil to solidify it These

pipes penetrated the ground about 10 ft, and the method

proved very efficient in preventing the inflow of water.

Excavation. - The excavation was carried out according to

the German method of tunneling. Bottom side drifts were

first driven, and then heightened to the springing line of the

roof arch. Next a center top heading was driven, and the

haunch sections taken out. The object of beginning the exca-

vations by bottom side drifts, was to drain the soil of the upper

part of the section. The center core was removed after the

side walls and roof arch were completed, its removal being

kept from 50 ft to 75 ft. to the rear of the advanced heading.
The dimensions of the side drifts proper were about 8x8 ft.,

but they were often carried down nuu h below the floor level

to secure a solid foundation bed for the side walls.

Strutting. The side drifts were strutted by means of

frames composed of two batter posts resting on boards, and

having a cap-piece extending transversely across the roof

of the drift These frames were spaced about 4 ft apart
The excavation was advanced in the usual way by driving

pol ing-boards at the top and sides, with a slight outward and

upward inclination, so that the next frame could be easily

inserted with additional space enough between it and the

sheeting to jM-rmit the next set of poling-boards to be inserted.

These poling-hnards were driven as close together as practicable

so as to prevent as much as possible the inflow of water and

earth.

The center lop heading was strutted in the same manner as

were the side drifts. The arrangement of the strutting em-

ployed in enlarging the center top heading is shown clearly by

Fig. 78, which also shows the manner of strutting the side

drifts and face of the excavation, and of building the masonry.

Centers. -- Both wood and iron centers were employed in

building the roof arch. The timber centering was constitnt..!
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of square timbers, as shown by Fig. 79. This construction of

the iron centers is shown by Fig. 80. Each of the iron centers

consisted of two 6 x 6 in. angles butted together, and bent into

the form of an arch rib. Six of these ribs were set up 4 ft.

apart. They were made of two half ribs butted together at the

crown, and were held erect and the proper distance apart by

'F/7/afwM
:.._

: CemenfartdHqp

Fro. 78. Sketch Showing Method of Excavating and Strutting Baltimore Belt

Line Tunnel.

spacing rods. The rearmost rib was held fust to the completed
arch masonry, and in turn supported Uie forward ribs while the

lagging was being placed.

Masonry. The side walls of the lining were built first in

the bottom side drifts, as shown by Fig. 78. They were gen-

erally placed on a foundation of concrete, from 1 ft. to 2 ft.

thick. As a rule the side walls were not built more than 20

ft. in advance of the arch, but occasionally this distance was

increased to as much as 90 ft. The roof arch consisted ordina-
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rily of five rings of brick, but at some places in especially un-

stable soil eight rings of brick were employed. The arch was

built in concentric sections about 18 ft in length. All the

timl>er of the strutting above the arch and outside of the side

walls was left in place, and the voids were filled with rubble

masonry laid in cement mortar. It required about 125 mason

Fio. 19. K<of Arcti Construction with Timber Ccntem. Baltimore Itolt Line Tunnel.

hours to build an 18-ft. arch section. Figs. 7l and so show

various details of the masonry arch work.

Owing to the very unstable character of the soil, consider-

able difficulty was experienced in building the masonry invert.

The process adopted was as follows; Two parallel 12 X 12 in.

tiinl>er8 were first placed transversely across the tunnel, abutting

against longitudinal timbers or wedges resting against the side

walls. Short sheet piles were then driven into the tunnel
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bottom outside of these timbers, forming an inclosure similar

to a cofferdam, from which the earth could be excavated with-

out disturbing the surrounding ground. The earth being

excavated, a layer of concrete 8 ins. thick was placed, and the

brick masonry invert constructed on it. In less stable ground
each of the above described cofferdams was subdivided by
transverse timbers and sheet piling into three smaller coffer-

dams. Here the masonry of the middle section was first con-

structed, and then the side sections built. Where the ground

m.

FIG. 80. Roof Arch Construction with Iron tenters, Baltimore Belt Line Tunnel.

was worst, still more care was necessary, and the bottom had

to be covered with a sheeting of 1^-in. plank held down by
struts abutting against the large transverse timbers. The

invert masonry was constructed on this sheeting. Refuge
niches 9 ft. high, 3 ft. wide, and 15 ins. deep were built in the

side walls.

Accidents. In this tunnel, owing to the quick striking of

the centers, it was found that the masonry lining flattened at

the crown and bulged at the sides. This was attributed to the

insufficient time allowed for the mortar to set in the rubble
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filling. Earth packing was tried, but gave still worse results.

Finally dry rubble tilling was adopted, with satisfactory results.

There was necessarily some sinking of the surface. This re-

sulted partly from the necessity of changing and removing of

tlu- timlwrs, and from the compression and springing of the

timbers under the great pressures. The crown of the arch also

settled from 2 ins. to 6 ins., due to the compression of the

mortar in the joints. The maximum sinking of the surface of

the street over the tunnel was about 18 ins.; it usually ran

from 1 to 1 2 ins. Some damage was done to the water and gas
mains. This damage was not usually serious, but it of course

necessitated immediate repairs, and in some instances it was

found best to reconstruct the mains for some distance. At one

point along the tunnel where very treacherous material was

found, the surface settlement caused the collapse of an adjacent

building, and necessitated its reconstruction.
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CHAPTER XV.

THE FULL SECTION METHOD CF TUNNELING;
ENGLISH METHOD ; AUSTRIAN METHOD.

ENGLISH METHOD.

THE English method of tunneling through soft ground, as

its name implies, originated in England, where, owing to the

general prevalence of comparatively firm chalks, clays, shales,

and sandstones, it has gained unusual popularity. The dis-

tinctive characteristics of the method are the excavation of the

full section of the tunnel at once, the use of longitudinal strut-

ting, and the alternate execution of the masonry work and

excavation. In America the method is generally designated as

the longitudinal bar method, owing to the mode of strutting,

which has gained particular favor in America, and is commonly

employed here even when the mode of excavation is distinc-

tively German or Belgian in other respects.

Excavation. Although, as stated above, the distinctive

characteristic of the English method js the excavation of the

full section at once, the digging is usually started by driving
a small heading or drift to locate and establish the axis of the

tunnel, and to facilitate drainage in wet ground. These ad-

vance galleries may be driven either in the upper or in the

lower part of the section, as the local conditions and choice

of the engineer dictate. Whether the advance gallery is located

at the top or at the bottom of the section makes no difference in

the mode of enlarging the profile. This work always begins
at the upper part of the section. A center top heading is

driven and strutted by erecting posts carrying longitudinal bars

supporting transverse poling-boards. This heading is imme-
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il lately widened by digging away the earth at each side, and by

strutting the opening by temporary posts resting on blocking,

and carrying longitudinal bars supporting poling-boards. This

process of widening is continued in this manner until the full

roof section, No. 1, Fig. 81, is opened, when a heavy transverse

sill is laid, and permanent struts are

erected from it to the longitudinal bars,

the temporary posts and blocking being

removed. The excavation of part No. 2

then begins by opening a center trench

and widening it on each side, temporary

posts being erected to support the sill

above. As soon as part No. 2 is fully ex-

cavated, a second transverse sill is placed
Fl
,-

--i>ugr*m snow-

ing Sequence of Ezcava-

below the first, and struts are placed tu.n in English Method

rri . of Tunneling.
between them. The excavation of part

N - >. :J is carried out in exactly the same manner as was part

N>. '2. The lengths of the various sections, Nos. 1, 2, and 3,

generally run from 12 ft. to 20 ft., depending upon the

character of the soil.

Strutting The strutting in the English method of tunnel-

ing consists of a transverse framework set close to the face of

the excavation, which supports one end of the longitudinal

en >uii lars, the other ends of which rest on the completed

lining. The transverse framework is composed of three hori-

zontal sills arranged and supported as shown ly Fig. 82. The

bottom sill .1 is carried by vertical posts resting on blocking on

the floor of the excavation. From the bottom sill vertical

struts rise to support the middle sill B. The top sill, or miners*

sill (7, is carried by vertical posts or struts rising from the

middle sill H. The vertical struts are usually round timbers

from <; ins. to 8 ins. in diameter; and the sills are square tim-

bers of sufficient section to carry the vertical loads, and gener-

ally made up of two posts scarf-jointed and hutted to permit
tin -i 11 to be more easily handled. la firm soils the struts be-
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tween the sills are all set vertically, but those at the extreme

sides of the roof section are inclined. In loose soils, however,

where the sides of the excavation must be shored, the V-

bracing shown by Fig. 82 is employed between one or more

pairs of sills as the conditions necessitate. The manner of

holding the transverse framework upright is explained quite

clearly by Fig. 83 ; inclined props extending from the com-

pleted masonry to the sills of the framework being employed.
Two props are used to each sill. Sometimes, in addition to the

FiOS. 82 and 83. Sketches Showing Construction of Strutting, English Method.

props shown, another nearly horizontal prop extends from the

en \vn of the arch masonry to the middle piece of the strutting.

Referring to Fig. 83, it will be observed that the longitudinal

crown bars are above the extrados of the roof arch. When,

therefore, the lining masonry has been completed close up to

the transverse framework, the latter is removed, leaving the

crown bars resting on the arch masonry ;
and excavation, which

has been stopped while the masonry was being laid, is continued

for another 12 ft. to 20 ft., and the transverse framework is

erected at the face, and braced or propped against the completed

lining as shown by Fig. 83. The next step is to place the
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crown bare, and this is done ly pulling them ahead from their

original position over thr masonry of the completed section of

the roof arch. It will be understood that the crown bars are

not pulled ahead their full length at one operation, but are

advanced by successive short movements as the excavation

progresses, their outer ends being supported by temporary

posts until the transverse framework is built at the face of the

excavation.

Centers, Two standard forms of centers are employed in

the English method of tunneling, as shown by Figs. 84 and 85.

Both consist of an outer portion, constructed much like a

typical plank center, which is strengthened against distortion

by an interior truss framework. The elemental members of

Pioft. 84 and 85. Sketches of Typloal Timber Koof-Arch Center*. Knglinti Method.

this truss framework take the form of a queen-jM^st truss, HA is

shown more particularly by Fig. 84. In Fig. 85 the queen-

post truss construction is less easily distinguished, owing to

the cutting of the bottom tir-U-am and other modifications, but

it can still be observed. The possibility of cutting the tie-beam

as shown in Fig. 85, without danger, is due to the fact that

the lateral pressures on the haunches of the center counteract

the tendency of the center to flatten under load, which is

usually counteracted by the tie-l>eam alone. The object of

rutting the tie-beam is to afford room for the props running
from tin- completed masonry to the transverse framework of

the strutting as shown by Fig. 83.

Generally four or five centers are used for each length of

areh built They are set up so that the tie-beams rest on
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double opposite wedges carried by a transverse beam below.

This transverse beam in turn rests on another transverse beam

which is supported by posts carried on blocking on the invert

masonry. It is usually made with a butted joint at the middle

to permit its removal, since it is so long that the masonry has

to be built around its extreme ends. The lagging is of the

usual form, and rests on the exterior edges of the curved upper
member of the centers.

Masonry. In the English method of tunneling, the masonry

begins with the construction of the invert, and proceeds to the

crown of the arch. The lining is built in lengths, or successive

rings, corresponding to the length of excavation, which, as pre-

viously stated, is from 12 ft. to 20 ft. Each ring or length of

lining terminates close to the transverse strutting frame erected

at the face of the excavation. Work is first begun on the

invert at the point where the preceding ring of masonry ends,

and is continued to the transverse strutting frame at the front

of the excavation. As fast as the invert is completed, work is

begun on the side walls. In very loose soils the longitudinal

bars supporting the sides of the excavation are removed after

the side walls are built
;
but in firmer soils they may be taken

out one by one just ahead of the masonry, or in very firm soils

it may be possible to remove them entirely before beginning
the side walls. In all cases it is necessary to fill the space

between the masonry and the walls of the excavation with rip-

rap or earth. To build the roof arch the centers are first

erected as described above, and the crown bars are removed as

previously described by putting them ahead after the arch ring

is completed. As with the side walls, the vacant space be-

tween the arch ring and the roof of the excavation must

be filled in. Usually earth or small stones are used for filling ;

but in very loose soils it is sometimes the practice not to

remove the poling-boards, but to support them by short brick

pillars resting on the arch ring and then to fill around these

pillars.



Till: 1 I I.I. SK< TIMS METHOD 161

Hauling. To haul away the material and take in supplies,

tracks are laid on the invert masonry. Generally the perma-
nent tracks are laid as fast as the lining is completed. A short

section of temporary track is used to extend this permanent
track close to the work of the advanced drift.

Advantages and Disadvantages. The great advantage of the

English method of tunneling is that the masonry lining is

built in one piece from the foundations to the crown, making

possible a strong, homogeneous construction. It also pos-

sesses a decided advantage because of the simple methods of

hauling which are possible : there being no differences of level

to surmount, no hoisting of cars nor trans-shipments of loads

are necessary. The chief disadvantage of the method is that

the excavators and masons work alternately, thus making the

progress of the work slower perhaps than in any other method

of tunneling commonly employed under similar conditions.

This disadvantage is overcome to a considerable extent when

the tunnel is excavated by shafts, and the work at the different

headings is so arranged that the masons or excavators when

freed from duty at one heading may be transferred to another

where excavation or lining is to be done as the case may be.

Another disadvantage of the English method arises from the

excavation of the full section at once, which in unstable soils

necessitates strong and careful strutting, and increases the

danger of caving. The fact also that the arch ring has to

carry the weight of the crown bars, and their loading at one

end while the masonry is green, increases the chances of the

arch iM-ing distorted.

Conclusion. - The English method of tunneling in its entirety

is confined in actual practice pretty closely to the country from

which it receives its name. A possible extension of its use

more generally is considered by many as likely to follow the

development of a successful excavating machine for soft

material. The space afforded by the opening of the full sec-

tion at once, especially adapts the method to the use of exca-
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vators like, for example, the endless chain bucket excavator

used on the Central London Ry., and illustrated in Fig. 12.

The method also furnishes an excellent opportunity for electric

hauling and lighting during construction.

The English method of tunneling has been used in building

the Hoosac, Musconetcong, Allegheny, Baltimore and Potomac,

and other tunnels in America. The names of the European
tunnels built by this method are too numerous to mention here.

AUSTRIAN METHOD.

The Austrian full-section method of tunneling through soft

ground was first used in constructing the Oberau tunnel on the

Leipsic and Dresden R.R., in Austria in 1837. It consists in

excavating the full section and building up the lining masonry
from the foundations as in the English, but with the important

exception that the invert is built last instead of first in all cases

except where the presence of very loose soil requires its con-

struction first. A still more important difference in the two

methods is that the excavation is carried out in smaller sections

and is continuous in the Austrian method instead of alternating
with the mason work as it does in the English method.

PIGS. 86 and 87. Diagrams Showing Sequence of Excavation in Austrian Method
of Tunneling.

Excavation. The excavation in the Austrian method begins

by driving the bottom center drift No. 1, Fig. 86, rising from

the floor of the tunnel section nearly to the height of the
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springing lines of the roof arch. When this drift has been

driven ahead a distance varying from 12 ft to 20 ft. or some-

times more, the excavation of the center top heading No. 2 is

driven for the same distance. The next operation is to remove

part No. 3, Urns forming a central passage the full depth of the

rumel section at the center. This trench is enlarged by

r.-moving parts Nos. 4, 5, 6, 7, and 8 in the order named until

the full section is opened. A modification of this plan of

i-xcavation is shown by Fig. 87 which is used in firm soils.

Strutting. Each part of the section is strutted as fast as

it is excavated. The center bottom drift first excavated is

strutted by laving a transverse sill across the floor, raising

two side jM>sts from it, and capping them with a transverse

tiinlHT having its ends projecting l>eyond the side posts and

hahed as shown by Fig. 88. The top center heading No. 2,

which is next excavated, is strutted by means of two side posts

resting on blocking and carrying a transverse cap as also shown

bv Fig. 88. Sometimes the side posts in the heading strutting-

frames are also carried on a transverse sill as are those of the

bottom drift. This construction is usually adopted in loose

soils. When the sill is employed, the middle part, No. 3, is

strutted by inserting side posts between the bottom of the top

sill and the cap of the frame in the drift l>elow. When, how-

ever, the posts of the top heading frame are carried on blocking,

it is the practiee to replace them with long posts rising from

the cap of the bottom drift frame to the cap of the top heading
frame. Further, when the intermediate sill is employed at the

Imttom level of the top heading it projects lioyond the side

and has its ends halved.

After the eompletion of the center trench strutting the next
i i>k is to strut parts Nos. 4 and 5. This is done by continuing
the upper sill bv means of a timber having one end halved to

join with the projecting C0d of the sill in position. This ex-

t.-nsiun timlier is shown at a. Fig. 80. The next operation is

to place the timU-r /, 1 aving orte end resting on the cap-piece
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of the top heading frame and the other beveled and resting on

the top of the sill a near the end. The timber b is laid tangent

to the curve of the roof arch, and to support it against flexure

the strut c is inserted as shown. To support the thrust of this

I :

strut the additional post d is

inserted and the original bot-

tom heading frame is rein-

forced as shown. The next

step is to insert the strut e,

and when this and the previ-

ous construction are dupli-

cated on the opposite side of

the tunnel section we have

the strutting of the parts Nos.

1 to 5, inclusive, complete.

Part No. 6 is then removed

and strutted by extending the

bottom drift cap-piece by a

timber similar to timber a above, and then by inserting a side

strut between the outer ends of these two timbers, as indicated

by Fig. 90. As the final parts, Nos. 7 and 8, are removed, the

inclined prop a, Fig. 90, is inserted as shown. When the soil

PIGS. 88 to 90. Sketches Showing Construc-

tion of Strutting, Austrian Method.
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is loose some of the members of the framework are doubled

and additional bracing is introduced as shown by Fig. 90.

The frames just described are placed at intervals of about

4 ft. along the excavation, and are braced apart by horizontal

struts. Some of the longitudinal bearing beams, as at 6, Fig.

90, also extend through two or three frames, and help to tie

them together. Finally, the longitudinal poling-boards extend-

ing from one frame to the next along the walls of the excava-

tion serve to connect them together. The short transverse

beam e, Fig. 90, located just above the floor of the invert,

serves to carry the planking upon which the train car tracks

are laid. Besides the timber strutting peculiar to the Austrian

method, the Rziha iron strutting described in a previous chapter
is frequently used in tunneling by the Austrian process.

Centers. The two forms of centers used in the English
method of tunneling are also

used in the Austrian method.

One of the methods of support-

ing these centers is shown by

Fig. 91. The tie-beam. of the

center rests on longitudinal tim-

bers carried by the strutting

frames and intermediate props.

In single-track tunnels it is the

frequent practice also to curry

the ends of the tie-beams in re-

cesses left in the side wall ma-

sonry, with intermediate props

inserted to prevent flexure at

the center. \Vlnn the Rziha

iron strutting is employed, it also

serves for the centering upon which the arch masonry is built

Masonry. In the Austrian system of tunneling, the lining

is built from the foundations of the side walls upward to the

crown of the roof arch in lengths in consecutive rings equal to

Fm. 91. Sketch Showing Manner of

Constructing the Lining Muonry,
Austrian Mctli<~l.
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the lengths of the consecutive openings of the full section, or

from 12 ft. to 20 ft. long. Except in infrequent cases in very
loose materials the invert is the last part of the masonry to be

built, since to build it first requires the removal of the strutting

which cannot easily or safely be accomplished until the side walls

and roof arch are completed. As the side wall foundations are

built, however, their interior faces are left inclined, as shown

by Figs. 90 and 91, ready for the insertion of the invert, and

are meanwhile kept from sliding inward by the insertion of

blocking between them and the bottom of the strutting. Fig.

91 shows the nature of this blocking, and also the manner in

which the side wall and roof arch masonly is earned upward.

Finally when the roof arch is keyed and the centers are struck,

the strutting is taken down and the invert is built

Advantages and Disadvantages. The principal advantages
claimed for the Austrian method of tunneling are : (1) The

excavation being conducted by driving a large number of con-

secutive small galleries, which are immediately strutted, there

is little disturbance of the surrounding material; (2) the

polygonal type of strutting adopted .is easily erected and of

great strength against symmetrical pressures ; (3) the masonry,

being built from the foundations up, is a single homogeneous

structure, and is thus better able to withstand dangerous pres-

sures ; (4) the excavation is so conducted that the masons

and excavators do not interfere, and both can work at the same

time. The disadvantages which the method possesses are : ( 1)

The strutting, while very strong under symmetrical pressures,

either vertical or lateral, is distorted easily by unsymmetrical
vertical or lateral pressures, and by pressure in the direction of

the axis of the tunnel ; (2) the construction of the invert last

exposes the side walls to the danger of being squeezed together,

causing a rotation of the arch of the nature discussed in de-

scribing the Belgian method of tunneling.
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CHAPTER XVI.

SPECIAL TREACHEROUS GROUND METHOD;
ITALIAN METHOD; QUICKSAND TUN-

NELING; PILOT METHOD.

ITALIAN METHOD.

THE Italian method of tunneling was first employed in con-

structing the Cristina tunnel on the Foggia & Benevento K.K.

in Italy. This tunnel penetrated a laminated clay of the most

treacherous character, and after various other soft-ground

methods of tunneling had been tried and had failed, Mr. Procke,

the engineer, devised and used successfully the method which

is now known as the Italian or C'ristiiui method. The Italian

method is essentially a treacherous soil method. It consists in

excavating the bottom half of the section by means of several

successive drifts, and building the invert and side walls; the

space is then refilled and the upper half of the section is exca-

vated, and the remainder of the side walls and the roof an b

are built
; finally, the earth filling in the lower half of the

sei-tion is re-excavated and the tunnel completed. The method

is an expensive one, but it has proved remarkably successful in

treacherous soils such as those of the Apennine Mountains,

in which some of the most notable Italian tunnels are located.

1 1

ii, ini'..ver, a single-track tunnel method, since any soil

which is so treacherous as to warrant its use is too treacherous

to permit an opening to be excavated of sufficient size for a

double-track railway, except by the us.- of shields.

Excavation. The plan of excavation in the Italian method

is shown by the diagram Fig. 92. Work is begun by driving
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FIG. 92. Diagram Show-

ing Sequence of Excava-
tion in Italian Method of

Tunneling.

the center bottom heading No. 1, and this is widened by taking
out parts No. 2. Finally part No. 3 is removed, and the lower

half of the section is open. As soon as the invert and side

wall masonry has been built in this excavation, parts No. 2

are filled in again with earth. The exca-

vation of the center top heading No. 4 is

then begun, and is enlarged by removing
the earth of part No. 5. The faces of this

last part are inclined so as to reduce their

tendency to slide, and to permit of a

greater number of radial struts to be

placed. Next, parts No. 6 are excavated,

and when this is done the entire section,

except for the thin strip No. 7, has been

opened. At the ends of part No. 7 nar-

row trenches are sunk to reach the tops of the side walls

already constructed in the lower half of the section. The

masonry is then completed for the upper half of the section,

and part No. 7 and the filling in parts No. 2 are removed.

The various drifts and headings and ^_ -._^

the parts excavated to enlarge them

are seldom excavated more than from /
N
\

/

6 ft. to 10 ft. ahead of the lining.

Strutting.
- - The bottom center

drift, which is first driven, is strutted

by means of frames consisting of side

posts resting on floor blocks and car-

rying a cap-piece. Poling-boards are

placed around the walls, stretching

from one frame to the next. As
soon as the invert is sufficiently completed to permit it, the

side posts of the strutting frames are replaced by short struts

resting on the invert masonry as shown by Fig. 93. To permit
the old side posts to be removed and the new shorter ones to

be inserted, the cap-piece of the frame is temporarily supported

FIG. 93. Sketch Showing Strut-

ting for Lower Part of Section.
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by inclined props arranged as shown by Fig. 97. When parts

No. 2 are excavated the roof is strutted by inserting the trans-

verse caps a, Fig. 98, the outer ends of which are carried by the

system of struts ft, e, rf, and e. The longitudinal poling-boards

supporting the ceiling and walls are held in place by the cap
a and the side timber e. To stiffen the frames longitudinally

of the tunnel, horizontal longitudinal struts are inserted between

them.

The excavation of the upper half of the tunnel section is

strutted as in the Belgian method, with radial struts carrying

longitudinal roof bars and transverse poling-boards. On ac-

rmmt of the enormous pressures developed by the treacherous

soils in which only is the Italian method employed, the radial

strutting frames and crown bars must be of great strength,

Pios. 94 and 06. Sketches Showing Construction of Centers, Italian Method.

while the successive frames must be placed at frequent intervals,

usually not more than 3 ft. After the masonry side walls have

been built in the lower part of the excavation, longitudinal

planks are laid against the si<le posts of tin- renter bottom

drift frames, to form an enclosure for the filling-in of parts

No. 2. The object of this filling is principally to prevent
the squeezing-in of the side walls.

Centers. Owing to the great pressures to l*> resisted in the

treacherous soils in which the Italian method is used, the con-

struction of the centers has to be very strong and rigid. Figs.

94 and 95 show two common ty|>08 of center construction MM-.I

with this method. The construction shown in Fig. 94 is a

strong one where only pressures normal to the axis of the

tunnel have to be withstood, but it is likely to twist under
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pressures parallel to the axis of the tunnel. In the construc-

tion shown by Fig. 95, special provision is made to resist

pressures normal to the plane of the center or twisting pres-

sures, by the strength of the transverse bracing extending hori-

zontally across the center.

Masonry. The construction of the masonry lining begins

with the invert, as indicated by Fig. 93, and is carried up to the

roof of parts No. 2, as already indicated, and is then discon-

tinued until the upper parts Nos. 4, 5, and 6 are excavated.

The next step is to sink side trenches at the ends of part No. 7,

which reach to the top of the completed side walls. This

.operation leaves the way clear to finish the side walls and to

construct the roof arch in the ordinary manner of such work in

tunneling. Since this method of

tunneling is used only in very soft

ground which yields under load, the

usual practice is to construct the in-

vert and side walls on a continuous

no. %. -sketch showing invert
foundation course of concrete as in-

and Foundation Masonry, Italian dicated b\r
Fig. 96. The lining IS

Method. u -U '

usually built in successive rings, and

the usual precautions are taken with respect to filling in the

voids behind the lining. The thickness of the lining is based

upon the figures for laminated clay of the third variety given
in Table II.

Hauling The system of hauling adopted with this method

of tunneling is very simple, since the excavation of the various

parts is driven only from 6 ft. to 10 ft. ahead, and the work pro-

gresses slowly to allow for the construction of the heavy strutting

required. To take away the material from the center bottom

drift, narrow-gauge tracks carried by cross-beams between the

side posts above the floor line are employed. This same

narrow-gauge line is employed to take away a portion of parts

No. 2, the remaining portion being left and used for the refill-

ing after the bottom portion of the lining has been built, as
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previously described. The upper half of the section being ex-

cavated, as in the Belgian method, the system of hauling with

inclined planes to the tunnel floor below, which is a character-

istic of that method, may be employed. It is the more usual

Pio. 97. Sketch Showing Longitudinal Section of a Tunnel under Construction,
Italian Method.

practice, however, since the excavation is carried so little a dis-

tance ahead and progresses so slowly, to handle the spoil from

the upper part of the section by wheelbarrows which dump it

into the curs running on the tunnel floor below. Hand labor

is also used to raise the construction

materials used in building the upper Mo-
tion. The tracks on the tunnel floor,

besides extending to the front of the ad-

vanced bottom center drift, have right and

left switches to be employed in removing
the refilling in parts No. 2, the spoil from

the upper part of the section, and the .

Pio. 96. Sketch Showing
material of part No. 7. Fig. 97 is a longi-

tudinal section showing the plan of exra-

vation and strutting adopted with the Italian method.

Modifications. It often happens that the filling placed be*

tween the side walls and the planking, which is practically the

space comprised by parU No. 2, is not sufficient to resist the

inuanl pressure of the walls, and they tip inward. In these

cases a common ex [Client is to substitute for the earth filling

Sequence of Excavation.
Htazxa Tunnel.
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a temporary masonry arch sprung between the side walls

with its feet near the bottom of the walls, and its crown,

just below the level of their tops, as shown by Fig. 101.

This construction was employed in the

Stazza tunnel in Italy. In this tunnel

the excavation was begun by driving the

center drift, No. 1, Fig. 98, and immedi-

ately strutting it as shown by Fig. 99.

The other parts, Nos. 2 and 3, completing
the lower portion of the section, were then

taken out and strutted. While part No. 2

FIG. 99. Sketch showing was being excavated at the bottom, and
Methed of Strutting First ,v r ,1 L i_ 'ij. j.1.

Drift, stazza Tunnel. the center part of the invert built, the

longitudinal crown bars carrying the roof

of the excavation were carried temporarily by the inclined

props shown by Fig. 100. After completing the invert and

the side walls to a height of 2 or 3 ft., a thick masonry arch

was sprung between the side walls, as shown in transverse

section by Fig. 101, and in longitudinal section by Fig. 100.

This arch braced the side walls against tipping inward, and

FIGS. 100 and 101. Sketches Showing Temporary Strutting Arch Construction,
Stazza Tunnel.

carried short struts to support the crown bars. The haunches

of the arch were also filled in with rammed earth. The upper
half of the section was excavated, strutted, and lined as in

the standard Italian method previously described. When the

lining was completed, the arch inserted between the side walls

was broken down and removed.
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Advantages and Disadvantages. The great advantage claimed

for the Italian method of tunneling is that it is built in two

separate parts, each of which is separately excavated, strutted,

and lined, and thus can be employed successfully in very

treacherous soils. Its chief disadvantage is its excessive cost,

which limits its use to tunnels through treacherous soils where

other methods of timbering cannot be used.

QUICKSAND TUNNELING.

When an underground stream of water passes with force

through a bed of sand it produces the phenomenon known as

quicksand. This phenomenon is due to the fineness of the

particles of sand and to the force of the water, and its activity-

is directly proportional to them. When sand is confined it

furnishes a good foundation bed, since it is practically incom-

pressible. To work successfully in quicksand, therefore, it is

necessary to drain it and to confine the particles of sand so

that they cannot flow away with the water. This observation

suggests the mode of procedure adopted in excavating tunnels

through quicksand, which is to drain the tunnel section by

opening a gallery at its bottom to collect and carry away the

water, and to prevent the movement or flowing of the sand by

strutting the sides of the excavation with a tight planking.

The sand having to be drained and confined as described, the

ordinary methods of soft-ground tunneling must l>e employed,
with the following modifications :

(1) The first work to be performed is to open a bottom

gallery to drain the tunnel. This gallery should be lined with

boards laid close and braced sufficiently by interior frames to

prevent distortion of the lining. The interstices or seams be-

tween the lining boards should !> packed with straw so as to

permit the percolation of water and yet prevent the movement

of the sand.

(2) As fast as the excavation progresses its walls should
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be strutted by planks laid close, and held in position by interior

framework ; the seams between the plank should be packed
with straw.

(8) The masonry lining should be built in successive rings,

and the work so arranged that the water seeping in at the sides

and roof is collected and removed from the tunnel immediately.

Excavation. The best and most commonly employed method

of driving tunnels through quicksand is a modification of the

Belgian method. At first sight it may appear a hazardous work

to support the roof arch, as is the characteristic of this method,

on the unexcavated soil below, when this soil is quicksand, but

if the sand is well confined and drained the risk is really not

very great. Next to the Belgian method the German method

is perhaps the best for tunneling quicksand. In these compari-

sons the shield system of tunneling is for the time being left

out of consideration. This method will be described in suc-

ceeding chapters. Whenever any of the systems of tunneling

previously described are employed, the first task is always to

open a drainage gallery at the bottom of the section.

Assuming the Belgian method is to be the one adopted, the

first work is to drive a center bottom drift, the floor of which

is at the level of the extrados of the invert. This drift is im-

mediately strutted by successive transverse frames made up of

a sill, side posts, and a cap which support a close plank strut-

ting or lining, with its joints packed with straw. Between the

side posts of each cross-frame, at about the height of the

intrados of the invert, a cross-beam is placed ; and on these cross-

beams a plank flooring is laid, which divides the drift horizon-

tally into two sections, as shown by Fig. 102; the lower section

forming a covered drain for the seepage water, and the upper

providing a passageway for workmen and cars. The bottom

drift is driven as far ahead as practicable, in order to drain the

sand for as great a distance in advance of the work as possible.

After the construction of the bottom drainage drift the excava-

tion proper is begun, as it ordinarily is in the Belgian method
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Fin. 108. Sketch Showing
I'rrlimiiiiin MniinageOal-
leriec. Quicksand Method.

by driving a top center heading, as shown by Fig. 102. This

heading is deepened and widened after the manner usual to the

Belgian method, until the top of the sec-

tion is open down to the springing lines

of the roof arch. To collect the seepage

water from the center top heading it is

provided with a center bottom drain con-

structed like the drain in the bottom

drift, as shown by Fig. 102. When the

top heading is deepened to the level of

the springing lines of the roof arch, its

bottom drain is reconstructed at the new

level, and serves to drain the full top

section opened for the construction of the

arch. This top drain is usually con-

structed to empty into the drain in the bottom drift

Strutting. The method of strutting the bottom drift has

already been described. For the remainder of the excavation

the regular Belgian method of radial roof strutting-frames is

employed, as shown by Fig. 103.

Contrary to what might l>e expected,

the numl>er of radial struts required

is not usually greater than would be

used in many other soils besides

quicksand. Single-track rail way tun-

nels have been constructed through

quicksand in several instances where

the number of radial props required

on each side of the center did not

exceed four or five. It is necessary,

however, to place the poling-lxianls

close together, and to JKK k the joints U-tween them to

prevent the inflow of the line sand. In strutting the lower

part of the section it is also necessary to support the sides with

tight planking. This is usually held in place by longitudinal

Pin. 103. Sketch Showing Con-
-trii.-il.iii iif It.H.f Strutting

Qufcknand Method.
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FIG. 104. Sketch Showing Construc-

tion of Masonry Lining, Quicksand
Method.

bars braced by short struts against the inclined props employed
to carry the roof arch when the material on which they origi-

nally rested is removed. This side

strutting is shown at the right

hand of Fig. 104.

Masonry. As soon as the upper

part of the section has been opened
the roof arch is built with its feet

resting on planks laid on the unex-

cavated material below. This arch

is built exactly as in the regular

Belgian method previously de-

scribed, using the same forms of

centers and the same methods

throughout, except that the poling-

boards of the strutting are usually left remaining above the

arch masonry. To prevent the possibility of water percolating

through the arch masonry, many engineers also advise the

plastering of the extrados of the arch with a layer of cement

mortar. This plastering is designed to lead the water along
the haunches of the arch and down behind the side walls. In

constructing the masonry below the roof arch the invert is

built first, contrary to the regular Belgian method, and the

side walls are carried up on each side from the invert ma-

sonry. Seepage holes are left in the invert masonry, and also

in the side walls just above the intrados of the invert. At the

center of the invert a culvert or drain is constructed, as shown

by Fig. 104, inside the invert masonry. This culvert is com-

monly made with an elliptical section with its major axis hori-

zontal, and having openings at frequent intervals at its top.

The thickness of the lining masonry required in quicksand is

shown by Table II.

Removing the Seepage Water. After the tunnel is completed
the water which seeps in through the weep-holes left in the ma-

sonry passes out of the tunnel, following the direction of the
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descending grades. During construction, however, special

means will have to be provided for removing the water from

the excavation, their character depending upon the method of

excavation and upon the grades of the tunnel bottom. When
the excavation is carried on from the entrances only, unless the

tunnel has a descending grade from the center toward each end,

the tunnel floor in one heading will be below the level of the en-

trance, or, in other words, the descending grade will be toward

the point wl-ere work is going on, while at the opposite entrance

the grade will be descending from the work. In the latter

case the removal of the seepage water is easily accomplished by
means of a drainage channel along the bottom of the excavation.

In the- former ease the water which drains toward the front is-

collected in a sump, and if there is not too great a difference in

level between this sump and the entrance, a siphon may be used

to remove it. Where the siphon cannot be used, pumps are

installed to remove the water. When the tunnel is excavated

by shafts the condition of one high and one low front, as com-

pared with the level at the shaft, is had at each shaft Gene-

rally, therefore, a sump is constructed at the bottom of the

shaft; the culvert from the high front drains directly to the

shaft sump, while the water from the low-front sump is either

siphoned or puni])ed to the shaft sump. From the shaft sump
the water is forced up the shaft to the surface by pumps.

THE PILOT METHOD.

The pilot system of tunneling has been successfully em-

ployed in constructing soft-ground sewer tunnels in America

by the firm of Anderson \- Marr, which controls the patents.

The most important work <>n which the system has been em-

ployed is the main relief sewer tunnel built in Brooklyn, N.Y.,

in 1892. This work comprised 800 ft of circular tunnel 15 ft

in diameter, 4400 ft 14 ft. in diameter, 8200 ft 12 ft in

diameter, and 1000 ft. 10 ft in diameter, or 9400 ft of tunnel
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altogether. The method of construction by the pilot system is

as follows :

Shafts large enough for the proper conveyance of materials

from and into the tunnel are sunk at such places on the line of

work as are most convenient for the purpose. From these

shafts a small tunnel, technically a pilot, about 6 ft. in diameter,

composed of rolled boiler iron riveted to light angle irons on

four sides, perforated for bolts, and bent to the required radius

of the pilot, is built into the central part of the excavation on

the axis of the tunnel. This pilot is generally kept about 30 ft.

in advance of the completed excavation, as shown by Fig. 105.

The material around the exterior of the pilot is then excavated,

using the pilot as a support for braces which radiate from it and

Bracing."

'

Arch Construction.

FIG. 105. Sketch Showing Pilot Method of Tunneling.

secure in position the plates of the outside shell which holds

the sand, gravel, or other material in place until the concentric

rings of brick masonry are built. Ribs of T-iron bent to the

radius of the interior of the brick work, and supported by the

braces radiating from the pilot, are used as centering supports

for the masonry. On these ribs narrow lagging-boards are laid

as the construction of the arch proceeds, the braces holding the

shell plates and the superincumbent mass being removed as the

masonry progresses. The key bricks of the arches are placed

in position on ingeniously contrived key-boards, about 12 ins. in

width, which are fitted into rabbeted lagging-boards one after

another as the key bricks are laid in place. After the masonry
has been in place at least twenty-four hours, allowing the cement
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mortar time to set, the braces, ribs, and lagging which support

it are removed. In the meantime the excavation, bracing, pilot,

and exterior shell have been carried forward, preparing the way
for more masonry. The top plates of the shell are first placed

in position, the material l>eing excavated in advance and sup-

ported by light poling-boards ; then the side-plates are butted

to the top and the adjoining side-plates. In the pilot the plates

are united continuously around the perimeter of the circle,

while in the exterior shell the plates are used for about one-

third of the perimeter on top, unless treacherous material is

encountered, when the plates are continued down to the spring-

ing lines of the arch. This iron lining is left in place. The

bottom is excavated so as to conform to the exterior lines of

the masonry. The excavation follows so closely to the outer

lines of the normal section of the tunnel that very little loss

occurs, even in bad material ; and there is no loss where suffi-

cient bond exists in the material to hold it in place until the

poling-boards are in position.

In the Brooklyn sewer tunnel work, previously mentioned,

the pilot was built of steel plates | in. thick, 12 ins. wide, and

37 ins. long, rolled to a radius of 3 ft Steel angles 4 x 4 ins.

were riveted along all four sides of each plate, and the plates

were bolted together by 2-in. machine-bolts. The plates weighed
136 Ibs. each, and six of them were required to make one com-

plete ring 6 ft. in diameter. In bolting them together, iron

shims were placed between the horizontal joints to form a

footing for the wooden braces for the shell, which radiate from

the pilot The shell plates of the 1 ">-ft section of the tunnel

were of No. 10 steel 12 ins. wide and 37 ins. long, with steel

angles 2j x 2j x | ins., riveted around the ed^es the same as for

the pilot, and put together with |-in. l>olts. These plates

weighed 61 Ibs. each, and eighteen of them were required to

make one complete ring 15 ft. in diameter. The plates for the

l_!-tt. section were No. 12 steel 12 ins. wide with 2 x 2 x |-in.

angles. Seventeen plates were required to make a complete ring.
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CHAPTER XVII.

OPEN-CUT TUNNELING METHODS; TUNNELS
UNDER CITY STREETS ; BOSTON SUBWAY

AND NEW YORK RAPID TRANSIT.

OPEN-CUT TUNNELING.

WHEN a tunnel or rapid-transit subway has to be constructed

at a small depth below the surface, the excavation is generally

performed more economically by making an open cut than by
subterranean tunneling proper. The necessary condition of

small depth which makes open-cut tunneling desirable is most

generally found in constructing rapid-transit subways or tun-

nels under city streets. This fact introduces the chief difficul-

ties encountered in such work, since the surface traffic makes it

necessary to obstruct the streets as little as possible, and has

led to the development of the several special methods commonly

employed in performing it. These methods may be classed as

follows : (1) The longitudinal trench method, using either a

single wide trench or two narrow parallel trenches ; (2) the

transverse trench method.

Single Longitudinal Trench. The simplest manner by which

to construct open-cut tunnels is to open a single cut or trench

the full width of the tunnel masonry. This trench is strutted

by means of side sheetings of vertical planks, held in place by
transverse braces extending across the trench and abutting

against longitudinal timbers laid against the sheeting plank.

The lining is built in this trench, and is then filled around and

above with well-rammed earth, after which the surface of the

ground is restored. An especial merit of the single longitudi-

nal trench method of open-cut tunneling is that it permits the
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Pio. 106. Diagram Showing 8o>

quence of Conatruction in Open-
Cut Tunnelti.

construction of the lining in a single piece from the bottom up,

thus enabling better workmanship and stronger construction

than when the separate parts are built at different times. The

great objection to the method when B
it is used for building subways
under city streets is, that it occupies

so much room that the street usually

has to be closed to regular traffic.

For this reason the single longi-

tudinal trench method is seldom

employed, except in those portions

of city subways which pass under

public squares or parks where room

is plenty.

Parallel Longitudinal Trenches.

The parallel longitudinal trench method of open-cut tunneling

consists in excavating two narrow parallel trenches for the side

walls, leaving the center core to be removed after the side

walls have been built The diagram, Fig. 106, shows the

sequence of opera-

tions in this method.

The two trenches No.

1 are first excavated

a little wider than the

side wall masonry,

and strutted as shown

by Fig. 107. At the

bottoms of these

trenches a foundation

course of concrete is

laid, as shown by Fig.

108, if the ground is

soft; or the masonry is started directly on the natural material,

if it is rock. From the foundations the walls are carried up t<:

the level of the springing lines of the roof arch, if an arch is

Pio. 107. Hkntrh Showing Method of Timbering Open-
Cut Tunnel*, Double Parallel Tn-ii.li M.-th.Ml.
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used ;
or to the level of its ceiling, if a flat roof is used. After

the completion of the side walls, the portion of the excavation

shown at No. 2, Fig. 106, is removed a sufficient depth to en-

able the roof arch to be built. When the arch is completed, it

is filled above with well-ramrned earth, and the surface is re-

stored. The excavation of part No. 3 inclosed by the side

walls and roof arch is carried on from the entrances and from

shafts left at intervals along the line.

A modification of the method just described was employed
in constructing the Paris underground railways. It consists in

excavating a single longitudinal trench along one side of the

street, and building the side wall in it as previously described.

When this side wall is completed to the

roof, the right half of part No. 2, Fig. 106,

is excavated to the line AB, and the right-

hand half of the roof arch is built. The

space above the arch is then refilled and the

surface of the street restored, after which

the left-hand trench is dug and the side

wall and roof-arch masonry is built iust as
FIG. 108. Side -Wall J J

Foundation Con- in the opposite half. Generally the work

is prosecuted by opening up lengths of

trench at considerable intervals along the

street and alternately on the left- and right-hand sides. By
this method one-half of the street width is everywhere open
to traffic, the travel simply passing from one side of the street

to the other to avoid the excavation. When the lining has

been completed, the center core of earth inclosed by it is

removed from the entrances and shafts, leaving the tunnel

finished except for the invert and track construction, etc.

Transverse Trenches. The transverse trench or "slice"

method of open-cut tunneling has been employed in one work,

the Boston Subway. This method is described in the specifica-

tions for the work prepared by the chief engineer, Mr. H. A.

Carson, M. Am. Soc. C. E., as follows :
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"Trenches about 12 ft wide shall be excavated across the

street to as great a distance and depth as is necessary for the

construction of the subway. The top of this excavation shall

be bridged during the night by strong beams and timbering,,

whose upper surface is flush with the surface of the street.

These beams shall be used to support the railway tracks us well

as the ordinary traffic. In each trench a small portion or slice

of the subway shall be constructed. Each slice of the subway
thus built is to be properly joined in due time to the contiguous
slices. The contractor shall at all times have as many slice-

trenches in process of excavation, in process of being filled with

masonry, and in process of being back-filled with earth above

the completed masonry, as is necessary for the even and steady

progress of the work towards completion at the time named in

the contract"

In regard to the success of this method Mr. Carson, in his

fourth annual report on the Boston Subway work, says :

" The method was such that the street railway tracks were

not disturbed at all, and the whole surface of the street, if de-

sired, was left in daytime wholly free for the normal traffic."

Tunnels on the Surface. It occasionally happens when

filling-in is to take place in the future, or where landslides

are liable to bury the tracks, that a -railway tunnel has to be

built on the surface of the ground. In such cases the construc-

tion of the tunnel consists simply in building the lining of the

section on the ground surface with just enough excavation to

secure the proper grade and foundation. Generally the lining

is finished on the outside with a waterproof coating, and is

s uii'-timcs banked ;uid partly covered with earth to protect the

masonry from falling stones and similar shocks from other

A recent example of tunnel construction of this char-

u t r \\MN .l.-s.-rilird in "Engineering News" of Sept 8, 1808.

In constructing the Golden Circle Railroad, in the Cripple Creek

mining district of Colorado, the line had to be carried across a

valley used as a dumping-ground for the refuse of the surround-
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ing mines. To protect the line from this refuse, the engineer
constructed a tunnel lining consisting of successive steel ribs,

filled between with masonry.

Concluding Remarks. From the fact that the open-cut

method of tunneling consists first in excavating a cut, and sec-

ond in covering this cut to form an underground passageway,
it has been named the " cut-and-cover

"
method of tunneling.

The cut-and-cover method of tunneling is almost never employed
elsewhere than in cities, or where the surface of the ground has

to be restored for the accommodation of traffic and business.

When it is not necessary to restore the original surface, as is

usually the case with tunnels built in the ordinary course of

railway work, it would obviously be absurd to do so except in

extraordinary cases. In a general way, therefore, it may be said

that the cut-and-cover method of construction is confined to the

building of tunnels under city streets ; and the discussion of

this kind of tunnels follows logically the general description of

the open-cut method of tunneling which has been given.

TUNNELS UNDER CITY STREETS.

The three most common purposes of tunnels under city

streets are : to provide for the removal of railway tracks from

the street surface, and separate the street railway traffic from

the vehicular and pedestrian traffic ; to provide for rapid

transit railways from the business section to the outlying
residence districts of the city ; and to provide conduits for sew-

age or subways for water and gas mains, sewers, wires, etc.

Within recent years the greatest works of tunneling under city

streets have been designed and carried out to furnish improved
transit facilities.

Conditions of Work. The construction of tunnels under city

streets may be divided into two classes, which may be briefly

defined as shallow tunnels and deep tunnels. Shallow tunnels,

or those constructed at a small depth beneath the surface, are
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usually built by one of the cut-and-cover methods ; deep

tunnels, or those built at a great depth, beneath the surface

are constructed by any of the various methods of tunneling

described in this book, the choice of the method depending

upon the character of the material penetrated, and the local

conditions.

In building tunnels under city streets the first duty of the

engineer is to disturb as little as possible the various existing

structures, and the activities for which these structures and the

street are designed. The character of the difficulties encoun-

tered in performing this duty will depend upon the depth at

which the tunnel is driven. In constructing shallow tunnels

by the cut-and-cover method care has to be taken first of all

not to disturb the street traffic any more than is absolutely

necessary. This condition precludes the single trench method

of open cut tunneling in all places where the street traffic is at

all dense, and compels the engineer to use the parallel trench

method employed in Paris, as previously described, or else the

transverse trench or slice method employed in the Boston

Subway.
Both of these methods have to be modified when the work

is done on streets having underground trolley and cable roads,

and in which are located gas and water pipes, conduits for

wires, etc. Where underground trolley or cable railways are

encountered, a common mode of procedure is to excavate

parallel side trenches for the side walls, ami tin n the roof arch

until it reaches the conduit carrying the cables or wires. The
earth is then removed from lieneath the conduit structure in

small sections, ami the arch completed as each section is

opened. As fast as the arch is completed the conduit struc-

ture is supported on it. Where pipes are encountered they

may be supported by means of chains, susj>ending them from

heavy cross-lx-ams. or by means of strutting, or they may be

removed and rebuilt at a new level. Generally the conditions

require a different solution of this problem at different points.
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Another serious diffioulty of tunneling under city streets

arises from the danger of disturbing the foundations of the

adjacent buildings. This danger exists only where the depth
of the tunnel excavation extends below the depth of the build-

ing foundations, and where the material penetrated is soft

ground. Where the tunnel penetrates rock there is no danger
of disturbing the building foundations. To prevent trouble of

this character requires simply that the excavation of the

tunnel be so conducted that there is no inflow of the surround-

ing material, which may, by causing a settlement of the neigh-

boring material, allow the foundations resting on it to sink.

The Baltimore Belt tunnel, described in a preceding chap-

ter, is an example of the method of work adopted in construct-

ing a tunnel under city streets through very soft ground.
This may be classed as a deep tunnel. Another method of

deep tunneling under city streets is the shield method, ex-

amples of which are given in a succeeding chapter. Two
notable examples of cut-and-cover methods of tunneling are

the Boston Subway and the New York Rapid Transit Ry., a

description of which follows.

Boston Subway The Boston Subway may be defined as the

underground terminal system of the surface street railway

system of the city, and as such it comprises various branches,

loops-, and stations. The subway begins at the Public Garden

on Boylston St., near Charles St., and passes with double

tracks under Boylston St. to its intersection with Tremont St.,

where it meets the other double-track branch, passing under

Tremont St. and beginning at its intersection with Shawmut
Ave. From their intersection at Tremont and Boylston streets

the two double-track branches proceed under Tremont St. with

four tracks to Scollay Square. At Scollay Square the subway
divides again into two double-track branches, one passing
under Hanover St., and the other under Washington St. At
the intersection of Hanover and Washington streets the two
double-track branches combine again into a four-track line,
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which runs under Washington St. to its terminus at Hay-
market Square, where it comes to the surface by means of an

incline. The subway, therefore, has three portals or entrances,

located respectively at Boylston St., Shawmut Ave., and Hay-
market Square. It also has five stations and two loops, the

former being located at Boylston St., Park St., Scollay Square,
Adams Square, and Haymarket Square, and the latter at Park

St. and Adams Square. The total length of the subway is

10,810 ft.

Material Penetrated. The material met with in construct-

ing the subway is alluvial in character, the lower strata being

generally composed of blue clay and sand, and the upper strata

of more loose soil, such as loam, oyster shells, gravel, and peat.

At many points the material was so stable that the walls of

the excavation would stand vertical for some time after excava-

tion. Surface water was encountered, but generally in small

quantities, except near the Boylston St. portal, where it was

so plentiful as to cause some trouble.

Cross-Section. The subway being built for two tracks in

some places and for four tracks in other places, it was neces-

sary to vary the form and dimensions of the cross-section.

The cross-sections actually

adopted are of three types.

Fig. 109 shows the section

known as the wide arch type,

in which the lining is solid

masonry. The second type

was known as the double-

barrel section, :in<l is shown

by Fig. 110. The third type

of section is .shown by Fi^. 111. The lining consists of steel

columns carrying transverse roof girders ; the roof girders
U-in-r tilled between with arches, and the wall columns having
concrete walls between them. The wide-arch type and the

double-barrel (V|M- of sections were employed in some portions

100. Wide Arch Section, Bonton Subway.
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of the Tremont St. line, where the traffic was very dense,

since it was possible to construct them without opening the

street Much of the wide arch line was constructed by the

use of the roof shield, which is described in the succeeding

chapter on the shield system of tunneling.

Methods of Construction. Several different methods were

employed in constructing the subway. Where ample space

was available, the single wide trench method of cut-and-cover

FIG. 110. Double Barrel Section, Boston Subway.

construction was employed, the earth being removed as fast as

excavated. In the streets, except where regular tunneling was

resorted to, the parallel trench or transverse trench cut-and-

cover methods were employed.
In the transverse trench method, trenches about 12 ft. wide

were excavated across the street, their length being equal to

the extreme transverse width of the tunnel lining, and their

depth being equal to the depth of the tunnel floor. These

trenches were begun during the night, and immediately roofed
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over with a timber platform flush with the street surface.

Under these platforms the excavation was completed and the

lining built As each trench or " slice
" was completed, the

street above it was restored and the platform reconstructed

Fio. 111. Pour Track Rectangular Section, Boston Subway.

over the succeeding trench or slice. During the construction

of each slice the street traffic, including the street cars, was

carried by the timber platform.

In the parallel trench method, short parallel trenches were

dug for the opposite side walls, and also for the intermediate

S...-H..H Knowing Slice Mnthod of Conntrii'-tion. Il<wton Subway.

columns, and completely roofed over during the night I'mler

this roofing the masonry of the side walls and column founda-

tions and the columns themselves were erected. Wlun the

side walls and columns had been erected, the surface of the

street between them was removed, the roof beams laid, and a



190 Tl NNKI.INC

platform covering erected, as shown by Fig. 112. Tliis roofing
work was also done at night. The subsequent work of build-

ing the roof arches, removing the remainder of the earth, and

constructing the invert, was carried on underneath the plat-

form covering which carried the street traffic in the meantime.

The successive repetition of the processes described con-

structed the subway.
Where the traffic was very dense on the street above, tunnel-

ing was resorted to. For small portions of this work the ex-

cavation was done in the ordinary way, using timber strutting,

but much the greater portion of the tunnel work was performed

by means of a roof shield. In the latter case, the side walls

were first built in small bottom side drifts and were fitted with

tracks on top to carry the roof shield. The construction and

operation of this shield are described fully in the succeeding

chapter on the shield system of tunneling.

Masonry. The masonry of the inclined approaches to the

subway consists simply of two parallel stone masonry retaining
walls. In the wide-arch and double-barrel tunnel sections, the

side walls are of concrete and the roof arches are of brick masonry.
In the other parts of the subway the masonry consists of brick

jack arches sprung between the roof beams and covered with

concrete, of concrete walls embedding the side columns, and

of the concrete invert and foundations for the columns. Figs.
109 to 112 inclusive show the general details of the masonry
work for each of the three sections. The inside of the lining

masonry is painted throughout with white paint.

Stations. The design and construction of the stations for--

the Boston Subway were made the subjects of considerable

thought. All the stations consist of two island platforms of

artificial stone having stairways leading to the street above.

The platforms are made 1 ft. higher than the rails. The station

structure itself is built of steel columns and roof beams with

brick roof arches and concrete side walls. Its interior is lined

with white enameled tiles. The intermediate columns are cased
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\vith wood, and have circular wooden seats at their bottoms.

Each stairway is covered by a light housing, consisting of a

steel framework with a copper covering and an interior wood

and tile finish.

I'. /itif'ifi"tt. --The subway is ventilated by means of ex-

haust fans located in seven fan chambers, some of which con-

tain two fans, and others only one fan. Each of the fans has a

capacity of from 30,000 to 37,000 cu. ft. of air per minute, and

is driven by electric motor, taking current from the trolley

wires. This system of ventilation has worked satisfactorily.

Disposal of Rainwater. The rainwater which enters the

subway from the inclined entrances, together with that from

leakage, is lifted from 12 ft. to 18 ft. by automatic electric

pumps to the city sewers. The subway has pump-wells at the

Public Garden, at Eliot St, Adams Square, and Haymarket

Square. In each of these wells are two vertical submerged

centrifugal pumps made entirely of composition metal. In

each chamber above, are two electric motors operating the

pumps. Each motor is started and stopped according to the

height of water by means of a float and an automatic release

starting box. The floats are so placed that only one pump
is usually brought into use. The other, however, comes into

service in case the first pump is out of order or the water

Miters more rapidly than one pump can dispose of it In the

latter case, both motors continue to run until the same low

level has been reached.

Very little dampness except from atmospheric condensation

w to be found on the interior walls or roof of the subway,

although numerous discolored patches, caused by dampness and

dust, may U- seen on some parts of the walls. Substantially nil

of the leakage comes through the small drains in the invert

leading from hollows left in the side walla. Careful measure-

ment was taken at the end of an unusually wet season to de-

termine the actual amount of leakage, and the total amount for

the entire subway was found to be about 81 gallons per minute.
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Estimated Quantities. The estimated quantities of material

used in constructing the subway were as follows :

Excavation 369,450 cu. yds.

Concrete 75,660
" "

Brick 11,105
" "

Steel 8,105 tons

Granite 2,285 cu. yds.

Piles 117,925 lin. ft.

Ribbed tiles 12,440 sq. yds.

Plaster 88,190

Waterproofing (asphalt coating) . . . 117,980

Artificial stone 6,790

Enameled brick 2,210

Enameled tiles 2,855

Cost of the Subway. The estimated cost of the subway made

before the work was begun was approximately $4,000,000, and

the cost of construction did not exceed $3,700,000. This

includes ventilating and pump chambers, changes of water and

gas pipes, sewers and other structures, administration, engineer-

ing, interest on bonds, and all cost whatsoever. Dividing this

number by the total length we obtain a cost per linear foot of

$342.30.

New York Rapid Transit Railway The project of an under-

ground rapid transit railway to run the entire length of Man-

hattan Island, was originated some years previous to 1890. In

1894, however, a Rapid Transit Commission was appointed to

prepare plans for such a road, and after a large amount of

trouble and delay this commission awarded the contract for

construction to Mr. John B. McDonald of New York City, on

Jan. 15, 1900. Not enough work has been done to enable a

description of the methods of construction, but the following is

a brief account of the work to be done :

Route. The road starts from a loop which encircles the

triangular area occupied by the City Hall Park and the Post-

Office. Within this loop the tunnel construction will be two-

storied; but where the main line leaves the loop, all four tracks
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will come to the same level, and continue side by side thereafter

except at the points which will be noted as the description-

proceeds. Proceeding from the loop, the four-track line passes,

under Center and Elm Streets. It will continue under Lafay-
ette Place, across Astor Place and private property between

Astor Place and Ninth St. to Fourth Ave. The road will then

pass under Fourth and Park avenues until 42d St. is reached.

At this point the line turns west along 42d St., which it

follows to Broadway. It turns northward again under Broad-

way to the boulevard, crossing the Circle at 59th St. The road

will then follow the boulevard until 97th St. is reached, where

the four-track line is separated into two double-track lines.

At a suitable point north of 96th St. the outside tracks will

rise so as to permit the inside tracks, on reaching a point near

103d St., to curve to the right, passing under the north-bound

track, and to continue thence across and under private property
to 104th St From there the two-track tunnel will go under

104th St and Central Park to 110th St., near Lenox Ave. ;

thence under Lenox Ave. to a point near 142d St. ; thence

across and under private property and the intervening streets,

to the Harlem River. The road will pass under the Harlem

River and across and under private property to 149th St.,

which street it will follow to Third Ave., and will then pass
under Westchester Ave., where at a convenient point the tracks

will emerge from the tunnel, and be carried on a viaduct along
and over Westchester Ave., Southern Boulevard, and Boston

Road to Bronx Park. This portion of the line, from 96th St.

t> Ilronx Park, will IKJ known as the East Side Line.

From the northern side of 96th St the outside tracks will

rise, and after crossing over the inside tracks they will be

brought together on a location under the center line of tin-

street and proceed along under the boulevard to a point between

1 J<1 and 123d streets. At this point the tracks will com-

mence to emerge from the tunnel, and l>e carried on a viaduct

along and over the boulevard at a point between 134th and
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135th streets, where they will again pass into the tunnel under

and along the boulevard and Eleventh Ave. to a point about

1,350 ft. north of the center line of 190th St. There the tracks

will again emerge from the tunnel, and be carried on a viaduct

across and over private property to Elwood St., and over and

along Elwood St. to Kingsbridge St. to Kingsbridge Ave.,

private property, the Harlem Ship Canal and Spuyten Duyvil

Creek, private property, Riverdale Ave., or 230th St. to a ter-

minus near Bailey Ave. That portion of the line from 96th

St. to the above mentioned terminus at Bailey Ave. will be

known as the West Side Line.

The total length of the rapid transit road, including the

parts above and below the surface ground of the streets, as well

as both the East and West Side Lines, will be about 20 miles.

Material Penetrated. The soil through which the road will

be excavated, according to numerous borings taken along the

line, will be a varied one. The lower portion of the road, or

the part including the loop around the Post-Office up to nearly

Fourth St., will be undoubtedly excavated through loose soil,

but from Fourth St. to the ends it will be excavated in rock.

The loose soil forming the southern part of Manhattan Island

is chiefly composed of clay, sand, and old rubbish a soil very

easy to excavate. There is no fear of any damage to the build-

ings along the line since, with the exception of the loop around

the Post-Office, no high buildings are met ;
and i\t the loop the

underground road passes far above the plane of the foundations

of the high buildings fronting Park Row. Water will' be met

at some points, but not in such quantities as to be a serious

inconvenience, except, perhaps, in crossing Canal St., where the

meeting of a large body of water is expected. From Fourth St.

to the ends of both the east and west side lines, the soil will be

chiefly composed.of rock of gneissoid and mica-schistose char-

acter, these rocks prevailing nearly throughout the whole of

Manhattan Island. The rock, as a rule, will not be compact,
but will have seams and fissures, and at many points it will be
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found disintegrated and alternated with strati of loose soils,

and even pockets of quicksand will be met with along the line

of the road.

Cross-Sections. The section of the underground road will

be of three different types, the rectangular, the barrel-vault,

and the circular. The rectangular section, Fig. 113, will be

used for the greater part of the road, of which a portion will

be for four tracks and a portion for two tracks. The dimensions

adopted for the four tracks are 50 x 13 ft., and for the double

tracks 25 x 13 ft The barrel-vault section, composed of a

"" "KSSSSlA
Fio. 113. Double Track Section, New York Rapid Transit Railway.

polycentric arch, having the flattest curve at the crown, has been

adopted for the tunnels under Park Avenue wink- the semi-

circular arch is used for all the other portions of the road to be

tunneled. The circular section of 15-ft. diameter will be used

under the Ilarlrm River, and being for single track, two parallel

tunnels will In- built side by side.

The main line from the post-office loop to about 102d

St., consists of four tracks built side by side in one conduit,

except for that portion under the present Fourth Ave.

tunnel when- t\v<> parallel double-track tunnels will l>e em-

ployed. The West Side Line will consist of double tracks
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laid in one conduit, except across Manhattan St. and beyond
190th St., where it will be carried on an elevated structure.

The East Side Line will consist of a double-track tunnel driven

from 102d St., and the boulevard under Central Park to

110th St. and Lenox Ave., and two parallel circular tun-

nels excavated under the Harlem River, the other portions

of the road being double-track, subway and elevated structure.

The subway, both for four and two tracks, may be built by

open excavation, cut-and-cover methods.

For the main line the Slice method, so successfully em-

ployed in the Boston Subway, will be adopted as the most

convenient in a case where the width of the excavation is

great and the traffic enormous, as is the case especially below

43d St. and along the boulevard. For the double-track sub-

way, the method of the wide trench will perhaps be adopted
on account of it being the least expensive ; and since the

streets where such a trench will be opened are very wide, with

only a light traffic.

Lining. The lining of the subway is of concrete, carried

by a framework of steel. The floor consists of a foundation

layer of concrete at least eight inches thick on good founda-

tion, but thicker, according to conditions, where the founda-

tion is bad. On top of this is placed another layer of concrete,

with a layer of waterproofing between the two. In this top

layer are set the stone pedestals for the steel columns, and the

members making up the tracks.

In the four-track subway, the steel framework consists of

transverse bents of columns, and I-beams spaced about five feet

apart along the tunnel. The three interior columns of each

bent are built up bulb angle and plate columns of H-section.

The wall columns are I-beams, as are also the roof beams ;

between the I-beams, wall columns, and roof beams there is a

concrete filling. So that the roof of the subway will be made

up of concrete arches resting on the flanges of the I-beams of

the roof. The concrete to be used is of one part Portland
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cement, two parts sand, and four parts broken stones. The

double-track subway will be built in the same way, except that

only one column is placed between the tracks for the support

of the roof.

All the concrete masonry of the roof, foundations, and side

walls, must contain a layer of waterproofing, so as to keep

perfectly dry the underground road, and prevent the perco-

lation of water. This waterproofing must be made up as

follows On the lowest stratum of concrete, whose surface

is made as smooth as possible, a layer of hot asphalt is spread.

On this asphalt are immediately laid sheets or rolls of felt;

another layer of hot asphalt is then spread over the felt, and

Fio. 114. Park Avenue Deep Tunnel Construction, New York Rapid Transit Railway.

then another layer of felt laid, and so on, until no less than

two, and no more than six, layers of felt are laid, with the frit

between layers of asphalt. On top of the upper surface of

asphalt the remainder of the concrete is put in place so as to

reach the required thickness of the concrete wall.

Tunnels. At three points the Standard Subway will be

replaeed liy tunnel lilies. The location of the three tunnels

will le between 33d and 42d St. on Park Ave. ; undei

Central Park, northeast of 104th St., and under the Har-

lem River. The Park Ave. const ruction (Fig. 114) will

consist of two parallel double-track tunnels, located on each

side of the street, and about. 10 ft. below the present tunnel.

The soil being composed of good rock, the tunnels will be
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driven by a wide heading, and one bench, since no strutting

will be required, and the masonry lining, even of the roof, may
be left far behind the front of the excavation. The masonry

lining will consist of concrete walls and brick arches. The

tunnel under Central Park being driven through a similar

rock, the same method of excavation and the same manner of

lining will be used.

The tunnel under the Harlem River is to be driven through

soft ground ; and it will be constructed as a submarine tunnel,

according to the coffer dam process. The tunnels will be

FIG. 115. Harlem River Tunnel, New York Rapid Transit Railway.

lined with iron made up of segments, with radial and cir-

cumferential flanges. Concrete will be placed inside and flush

with the flanges.

The tracks, both in the subway and tunnels, are an inti-

mate part of the concrete flooring. The rail rests on a con-

tinuous bearing of wooden blocks, laid with the grain running

transversely with respect to the line of the rail, and held in

place by two channel iron guard rails. The guard rails are

bolted to metal cross-ties embedded in the concrete.
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Viaduct. A considerable portion of the double track branch

lines north of 103d St. will be viaduct, or elevated structure.

The viaduct construction on the West^Side Line will extend, in-

cluding approaches, from 122d St to very near 135th St.

Of this distance, 2,018 ft 8 ins. will be viaduct proper,

consisting of plate girder spans carried by trestle bents at the

ends, and by trestle towers for the central portion. The

columns of the bents and towers are to be built up bulb-angle

and plate columns of H-section of the same form as those used

in the bents inside the subway. The approaches proper will be

built of masonry. The elevated line proper consists of plate

girder spans, supported on plate girder plate cross girders

carried by columns.

Stations. Many stations will be built along the line.

These will be located on each side of the street. The

entrances at the stations will consist of iron framework, with

glass roofs covering the descending stairways. The passage-

ways leading down will be walled with white enameled bricks

and wainscoted with slabs of marble. The stations for the

local trains will be located on each side of the road close to the

walls, since the outside tracks are reserved for the local trains,

while the middle ones will be reserved for the expresses. The
few stations for the express trains will be located between the

middle and outside tracks. Stations will be provided with all

the conveniences required, having toilet rooms, news stands,

benches, etc., and will be lighted day an<l night by numerous

arc lamps.

General. The contractor is compelled to complete the

work in four and one-half years, but he has promised to have

it in full running order within three years. There is no diffi-

culty in doing this, since the great extension of the road and
the great width of the avenues under which it runs allow work
all along the line at the same time. The work, briefly summar-

ized, comprises the following items:
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Length of all sections, ft 109,570

Total excavation of earth, cu. yds 1,700,228

Earth to be tilled back,
"

773,093

Rock excavated,
"

921,128

Rock tunneled,
"

368,606

Steel used in structure, tons 65,044

Cast iron used,
"

7,901

Concrete, cu. yds 489,122

Brick,
"

18,519

Waterproofing, sq. yds 775,795

Vault lights,
"

6,640

Local stations, number 43

Express stations,
" 6

Station elevators,
" 10

Track total, lin. ft 305,380
"

underground, lin. ft 245,514
"

elevated,
"

59,766

In addition to the construction of the railway itself, it will

oe necessary to construct or reconstruct certain sewers, and to

adjust, readjust, and maintain street railway lines, water pipes,

.subways, and other surface and subsurface structures, and to

relay street pavements.

The total cost of the work, according to the contract signed

by Mr. McDonald, will be $35,000,000. Dividing this amount

by the total length of the road, which is 109,570 lineal feet,

we have the unit cost a lineal foot $315, or a little less than

unit of cost of the Boston subway, which was $342 per

lineal foot.

The road belongs to the city. The contractor acts as an

agent for the city in carrying out the work, and he is the leaser

of the road for fifty years. The work is paid for as soon as

the various parts of the road are completed, and the money is

obtained from an issue of city bonds. During the fifty years'

lease the contractor will pay the interest plus 1 % of the face

value of the bonds. This 1 / goes to the sinking-fund, which

-within the fifty years at compound interest forms the total sum

required for the redemption of bonds.
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CHAPTER XVIII.

SUBMARINE TUNNELING: GENERAL DISCUS-
SION. THE SEVERN TUNNEL.

GENERAL DISCUSSION.

SUBMARINE tunnels, or tunnels excavated under the beds of

rivers, lakes, etc., have been constructed in large numbers

during the last quarter of a century, and the projects for such

tunnels, which have not yet been carried to completion, are

still more numerous. Among the more notable completed

works of this character may be noted the tunnel under the

River Severn and those under the River Thames in England,

the one under the River Seine in France, that under the

St. Clair River for railway, that under the East River for gas

mains, that under Dorchester Bay, Boston, for sewage, and

those under Lakes Michigan and Erie for the water supply of

Chicago and Cleveland in America. Among the partly com-

pleted submarine tunnels which have been abandoned the most

notable example is, perhaps, the Hudson River tunnel. For

the details of the various projected submarine tunnels of note,

which include tunnels under the English and Irish Channels,

iinilcr the Straits of Gibraltar, under the sound between

Copenhagen in Denmark and Malino in Sweden, under the

Messina Straits lietween Italy and Sicily, and under the Straits

of Northuml>erland between New Brunswick and Prince

I-M ward Island, the reader is referred to the periodical litera-

ture of the last few years.

Previous to attempting the driving of a submarine tunnel

it is necessary to ascertain the character of the material it will
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penetrate. This fact is generally determined by making dia-

mond-drill borings along the line, and the object of ascertaining
it is to determine the method of excavation to be adopted. If

the material is permeable and the tunnel must pass at a small

depth below the river bed, a method will have to be adopted
which provides for handling the difficulty of inflowing water.

If, on the other hand, the tunnel passes through impermeable
material at a great depth, there will be no unusual trouble

from water, and almost any of the ordinary methods of tun-

neling such materials may be employed. Shallow submarine

tunnels through permeable material are usually driven by the

shield method or by the compressed air method, or by a method
which is a combination of the first and second.

It is not an uncommon experience for a submarine tunnel

to start out in firm soil and unexpectedly to find that this

material becomes soft and treacherous as the work proceeds, or

that it is intersected by strata of soft material. The method of

dealing with this condition will vary with the circumstances, but

generally if any considerable amount of soft material has to be

penetrated, or if the inflow of water is very large, the firm-

ground system of work is changed to one of the methods

employed for excavating soft-ground submarine tunnels. The

Milwaukee water supply tunnel and the East River gas tunnel,

described elsewhere, are notable examples of submarine tunnels

began in firm material which unexpectedly developed a treacher-

ous character after the work had proceeded some distance.

Occasionally the task of building a submarine tunnel in the

river bed arises. In such cases the tunnel is usually built by
means of cofferdams in shallow water, and by means of caissons

in deep water.

Submarine tunnels under rivers are usually built with a de-

scending grade from each end which terminates in a level middle

position, the longitudinal profile of the tunnel corresponding to

the transverse profile of the river bottom. Where, however,

such tunnels pass under the water with one end submerged, and
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the other end rising to land like the water supply tunnels of

Chicago, Milwaukee, and Cleveland, the longitudinal profile is

commonly level, or else descends from the shore to a level

position reaching out under the water.

The drainag-j of submarine tunnels during construction is

one of the most serious problems with which the engineer has

to deal in such works. This arises from the fact that, since the

entrances of the tunnel are higher than the other parts, all of

the seepage water remains in the tunnel unless pumped out, and

from the possibility of encountering faults or permeable strata,

which reach to the stream bed and give access to water in

greater or less quantities. Generally, therefore, the excavation

is conducted in such a manner that the inflowing water is led

directly to sumps. To drain these sumps pumping stations

are necessary at the shore shafts, and they should have ample

capacity to handle the ordinary amount of seepage, and enough

surplus capacity to meet probable increases in the inflow. For

extraordinary emergencies this plant may" have to be greatly

enlarged, but it is not usual to provide for these at the outset

unless their likelihood is obvious from the start. The character

and si/.e of the pumping plants used in constructing a numlx-i-

of \\cll-kno\vn tunnels are described in Chapter XII.

In this hook submarine tunnels will be classified as follows:

(1) Tunnels in rock or very compact soils, which are driven by

any of the ordinary methods of tunneling similar materials on

land; (2) tunnels in loose soils, whifli may lie driven, (") by

compressed air, (4) by shields, or (c) by shields and compressed
air combined; (8) tunnels on the river bed, which are con-

structed, (a) by cofferdams, or (i) by caissons; (4) tunnels

partly in firm soil and partly in treacherous soils, which are

driven partly by one of the firm-soil methods, and partly by one

of the soft-soil methods. To illustrate tunnels of the first class,

the River Severn tunnel in Kngland lias been selected; to

illustrate those of the second class, the several tunnels disciis-,, ,1

in the chapter .n the shield system of tunneling and the Mil-
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waukee tunnel is sufficient ; to illustrate those of the third class,

the Van Buren Street tunnel in Chicago is selected ; and to

illustrate those of the fourth class, the East River gas tunnel

and the Milwaukee water supply tunnels are excellent examples.

THE SEVERN TUNNEL.

The Severn tunnel, which carries the Great Western Rail-

way, of England, beneath the estuary of a large river, is 4 miles

642 yards long. It penetrates strata of conglomerate, limestone,

carboniferous beds, marl, gravel, and sand, at a minimum depth
of 44f ft. below the deepest portion of the estuary bed. The

following description of the work is abstracted from a paper by
Mr. L. F. Yernon-Harcourt. *

Tfye first work was the sinking of a shaft, 15 ft. in diameter,

lined with brickwork, on the Monmouthshire bank of the Severn,

200 ft. deep. After the Monmouthshire shaft had been sunk, a

heading 7 ft. square was driven under the river, rising with a

gradient of 1 in 500 from the shaft on the Monmouthshire shore,

so as to drain the lowest part of the tunnel. Near to the first, a

second shaft was sunk and tubbed with iron, in which the

pumps were placed for removing the water from the tunnel

works, connection being made by a cross-heading with the

heading from the first shaft. There was also a shaft on the

Gloucestershire shore ; and two shafts inland from the first on

the Monmouthshire side, to expedite the construction of the

tunnel. Headings were then driven in both directions along the

line of the tunnel, from the four shafts ;
and the drainage head-

ing from the old shaft was continued, in the line of the tunnel,

under the deep channel of the estuary, and up the ascending

gradient towards the Gloucestershire shore, till, in October,

1879, it had reached to within about 130 yards of the end of

the descending heading from the Gloucestershire shaft. During
this period, though the work had progressed slowly, no large

* Proceedings Inst. C.E., vol. cxxi.
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quantity of water had been met with in any of the headings, in

spite of their already extending under almost the whole width

of the estuary. On October 18, 1889, however, a great spring

was tapped by the heading which was being driven landwards

from the old shaft, about 40 ft. above the level of the drainage

heading ; and the water poured out from this land spring in

such quantity that, flowing along the heading, falling down the

old shaft, and thus finding its way into the drainage heading
and the long heading of the tunnel under the estuary in con-

nection with it, it flooded the whole of the workings in com-

munication with the old shaft, which it also filled within twenty-

four hours from the piercing of the spring.

To obtain increased security against any influx of water

from the deep channel of the estuary into the tunnel, the

proposed level portion of the tunnel, rather more than a

furlong long under this part, was lowered 15 ft. by increas-

ing the descending gradient on the Monmouthshire side from

1 in 100 to 1 in 90, and lowering the proposed rail level on

the Gloucestershire side 15 ft. throughout the ascent, so as not

to increase the gradient of 1 in 100 against the load. A
new shaft, 1.8 ft. in diameter, was sunk slightly nearer the

estuary on the Monmouthshire shore than the old one; two

shafts also were sunk on the land side of the great spring for

pumping purposes ; and additional pumping machinery \\ as

erected. The flow from the spring into the old shaft was

arrested by a shield of oak fixed across the heading; and

at last, after numerous failures and breakdowns of the pumps,
the headings were cleared of water, after a diver, supplied witli

it knapsack of compressed oxygen, had closed a door in the

long heading under the estuary ; and the works were resumed

nearly fourteen months after the flooding <>< -eurred. The great

spring was then shut off from the workings by a wall across

tin- heading leading to the old shaft ; and, owing to the lower-

ing of the level of the tunnel, a new drainage heading had to

be driven from the bottom of the new shaft at a lower level,
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which was made 5 ft. in diameter, and lined with brickwork,

whilst the old drainage heading was enlarged to 9 ft. in diam-

eter, and lined with brickwork, so as to aid in the permanent
ventilation of the tunnel. The lowering of the level, moreover,

converted the bottom tunnel headings into top headings, so

that along more than a mile of the tunnel the semicircular arch,

26 ft. in diameter, was built first, and then, after lowering the

headings, the invert was laid and the side walls were built up.

Bottom headings were driven along the remainder of the tunnel,

and the work was expedited by means of break-ups. Ventila-

tion was effected in the works by a fan 18 inches in diameter

and 7 ft. wide, fixed at the top of the new deep shaft
;
the rock

was bored by drills worked by compressed air ; the blasting was

eventually effected exclusively by tonite, owing to its being
freer from deleterious fumes than any other explosive ; and the

workings were lighted by Swan and Brush electric lamps. The

tunnel is lined throughout with vitrified brickwork, between

2] ft. to 3 ft. thick, set in cement, and has an invert 1^ ft. to

3 ft. in thickness ; the lining was commenced towards the end

of 1880, the headings under the river were joined in Septem-

ber, 1881, and the last length of the tunnel, across the line of

the great spring, was completed in April, 1885.

Water came in from the river through a hole in a pool of

the estuary, close to the Gloucestershire shore, in April, 1881,

during the lining of a portion of the tunnel, but fortunately

before the headings were joined. This influx was stopped by

allowing the water to rise in the tunnel to tide-level, to prevent

the enlargement of the hole, which was then filled up at low

water with clay, weighted on the top with clay in bags. The

great spring broke out again in October, 1883, and flooded the

works a second time ; but within four weeks the water had

been pumped out and the spring again imprisoned. During
this period an exceptionally high tide, raised still higher by

a southwesterly gale, inundated the low-lying land on the Mon-

mouthshire side of the estuary, and, flowing down one of the



8UBMARINK TfNNELINO 207

inland shafts, flooded a section of the tunnel, but the pumps
removed this water within a week.

In order to construct the portion of tunnel traversing the

line of the great spring, the water was diverted into a side

heading below the level of the tunnel, leading to the old shaft,

win-nee it was pumped, and the fissure below the tunnel was

filled with concrete, over which the invert was built. An

attempt to imprison the spring, on the completion of this

length of tunnel, having resulted in imposing an excessive pres-

sure on the brickwork, leading to fractures and leakage, a shaft,

29 ft. in diameter, was sunk at the side of the tunnel at this

point in 1886, and pumps were erected powerful enough to

deal with the entire flow of the spring.

The tunnel was opened for traffic in December, 1886, and

gives access to a double line of railway, connecting the lines

converging to Bristol with the South Wales railway and the

western lines. The pumping power provided at the shaft con-

nected with the great spring, and at four other shafts, is capable
of raising 66,000,000 gallons of water per day, the maximum
amount pumped from the tunnel being 30,000,000 gallons a

day. The ventilation of the tunnel is effected by fans placed
in the two main shafts on each bank of the estuary, and the fan

in the Monmouthshire shaft is 40 ft. in diameter, and 12 ft.

wide. The tunnel gives passage to a large traffic, numerous

through-trains between the north and southwest of England

making use of it
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CHAPTER XIX.

SUBMARINE TUNNELING (Continued); THE EAST
RIVER GAS TUNNEL. VAN BUREN ST.

TUNNEL, CHICAGO.

THE East River gas tunnel is a notable example of a tunnel

begun in firm soil which unexpectedly developed treacherous

strata. It is also remarkable from the fact that the shield which

was employed to overcome the trouble was driven from rock

into soft material and from the soft material into rock again

with the utmost success. The following description of the

work is abstracted from a paper by Mr. Walton I. Aims, the

engineer in charge of the work, published in the Journal of

the Association of Engineering Societies for May, 1895, and in

Engineering News of July 11, 1895. The accompanying cuts

are reproduced from the last-named publication.

During 1891 and 1892 the East River Gas Co., of Long
Island City, a corporation with works situated on the Long
Island shore of the East River, obtained from the New York

State Legislature a new charter, and such necessary legislation

as to permit the extension of their mains across the East River

into the city of New York.

The feasibility of constructing a tunnel under the river

through which the gas mains might be laid was discussed, and

after some preliminary surveys and examinations a route was

decided upon from the works of the company at Ravenswood,

Long Island City, to between 70th and 71st Sts., New York,

passing under Blackwell's Island and the east and west chan-

nels of the East River. On about this line of location some

eight or ten pipe soundings were made in the two river chan-
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Hi-Is, all of which indicated a n>rk bottom; and the results of

these, together with .surface indications, where at both the Long
Island and New York shores, as well as on Blackwell's Island,

bedrock lay exposed, led all to conclude that nothing but rock

was to be encountered. On these investigations a contract was
entered into on June 25, 1891, for the construction of a suj>-

posedly rock tunnel, which the contractor guaranteed to com-

plete by April, 1893.

Work was begun at the Ravenswood or Long Island side

on June 28 by sinking a shaft i> ft. square about 200 ft. back

from the river to a depth of about 148 ft. below the surface;

while at New York, on .Inly 7, a shaft of the same dimensions

was sunk to a depth from the surface of 139 ft. In both these

shafts rock was entered after about 8 ft. of soil
; but while the

rock at New York was quite dry, at Ravenswood it proved

seamy and very wet.

The tunnel-roof grade had been established at 109 ft. below

mean high water at the New York shaft, with a grade for drain-

age of $ towards Ravenswood. This gave a minimum cover

of 41 ft. at the deepest point in the west or New York channel

on the Mast IJiver. where there is 70 ft. of water at mean high

tide. The east or Long Island channel is comparatively shallow,,

the deepest point being only 35 ft. below mean high water level.

The one thing feared was that fissures yielding large volumes-

of water might extend to the tunnel roof and largely augment
the cost of pumping. The size of the tunnel section was to be

8 ft. 6 ins. in height by 10 ft. 6 ins. in width, this giving suffi-

cient room for the laying of two 3-ft. gas mains and one 4-ft.

main.

In the shafts, on both sides of the river, the headings were

now turned. At Ravenswood the work was delayed by meet-

ing considerable quantities of silty water, but at New York the

tunnel was practicalh dry until towards the end of December,

l^'.fj. when, at a distance of 338 ft. from the shaft, a fissure

was struck yielding alnnit a 3-in. stream of salt water. The
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rock to within 20 ft. of this point had been the regular hard

New York gneiss, with a dip towards Long Island of 10 from

the vertical, and a strike north and south at right angles to the

direction of the tunnel. Here it gradually began to soften,

becoming more and more micaceous until when about 20 ft.

beyond the water-bearing fissure the rock suddenly terminated,

running into a vein of soft material with the same dip and

strike as that of the rock.

This new material proved to be a vein, principally of decom-

posed feldspar, gray in color, crumbling easily, and with no

perceptible grit. It still preserved a rock structure, and was

perfectly dry when undisturbed. But its exposed surfaces

were quickly acted upon by water, which it would absorb and

then wash away quite rapidly. The water-bearing fissure and

this soft vein were connected ; more water was also met at the

junction of the rock and the soft material, and later experience

proved that in passing through these soft veins water was

always to be found next to the rock a sort of water-course

on both sides of the soft vein. Had it not been for encounter-

ing this water, the tunnel might have been carried through the

soft material without employing compressed air, though the

prudence of attempting this might be questioned, for nothing
more insures the safety of both the men and the work than

compressed air in sub-aqueous tunneling.

The finding of this soft material, so unexpected, was quite

a set-back to all concerned. However, it was decided to drive

a small timbered drift about 4 ft. wide by 6 ft. high to investi-

gate the ground ahead, and find how much of this material was

to be penetrated before solid rock was again met. This drift

was started and driven in for about 6 ft. Meanwhile a most

destructive action was going on between the water and the soft

material. The water running along the face of the rock had

washed out a cavity overhead in the soft ground. The walls

of this cavity were gradually breaking away, and the clay-like

substance falling down would close the outlet of the water into
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the tunnel. The water would then accumulate in this pocket,

softening up fresh mat* rial on the sides until it had gained a

suHicient head to burst through the dam which confined it,

when it would come rushing int> tlie tunnel, carrying with it

large quantities of the softened matt-rial. These rushes were

accompanied by a loud bubbling sound that quite mystified the

mm, which was, of course, the sound of the air displacing the

water in the cavity. As soon as the pocket had emptied itself,

for a time the trouble was over, until with the falling of more

material the outlet was again closed and the operation was

repeated. These rushes of water, with the accompanying
sound of the bubbling air, soon became more and more alarming
to the men. The cavity was constantly increasing in size, and

extending up toward the river-bed. Each recurrence would

now send the men running for the shaft, by no means certain

that the river had not at last made a connection with the

tunnel.

All work in the small drift was abandoned, and on Dec. 31

a bulkhead was hurriedly constructed at the face to prevent the

threatened flooding of the shaft. Up to this time over 25 yards
of material had been washed into the tunnel, all of which had

come from along the rock face. With the river-bed only 45 ft.

above the tunnel-roof, there is every reason to believe that this

bulkhead was put in none too soon, and a connection with the

river narrowly averted. The bulkhead was well packed with

hay to prevent, as much as possible, further washing of the

material, and a discussion was now entered into as to the

method of future procedure. The contractors were in favor of

abandoning the heading and returning to the shaft, to sink to a

lower level and start anew in hopes of meeting more favorable

conditions at a greater depth. There had l>een a somewhat

similar experience on the Croton Aqueduct, where that tunnel

passes under the Harlem River. Soft material had been en-

countered on the first established level, which proved so trouble-

some that after two or three unsuccessful attempts had been
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made to pass through it, it was finally decided to abandon the

heading and return to the shaft, sinking some 150 ft. deeper.

On this new level nothing but rock was encountered. In the

East River tunnel, however, the soft material was clearly a

decomposed vein, and to what depth this decomposition might
extend was unknown

;
so that as there were no well-founded

reasons, in this case, for expecting any better conditions at a

lower level, it was decided to first attempt to drive the present

heading, in compressed air, leaving the sinking as a later ex-

pedient should the proposed means fail. An arrangement was

made with the contractors by which the company was to share

the expense of the work in soft ground.
It was at this time that the writer became connected with

the work, having charge of installing and conducting the com-

pressed air operations for the company. To form the com-

pressed air-working chamber, a solid brick wall or bulkhead

8 ft. thick was built across the tunnel into gains in the rock

about 40 ft. back from the heading, and containing a cylindrical

steel air-lock 6 ft. in diameter and 10 ft. long.

In the engine room, the 18 X 24-in. Ingersoll piston-inlet

compressor, used heretofore for running the rock-drills, was

supplemented by a small Rand compressor, and both arranged

to supply, independently, compressed air to the working cham-

ber below. Incandescent electric lighting was introduced into

the tunnel, which is almost a necessity in compressed air opera-

tions, as common illuminants produce an enormous quantity of

smoke when burning in compressed air. A telephone was also

taken into the working chamber, by which instant communica-

tion could be had with the engine room in case any sudden

increase of air pressure should be desired.

On Feb. 25, 1893, operations were commenced, in the

heading, under 35 Ibs. of air pressure. The previous work

here had greatly increased the difficulties, and it was not long
before the air pressure had to be raised to 42 Ibs. to control

the water. The excavation was advanced under a cylindrical
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steel roof, built up of plates 3 ft long and 1 ft. wide, of J-in.

sheet steel, to the four sides of which were riveted angle bars

2 x 2 x ^ in. These plates were bolted together in a heading
about 6 ft. high. In the erection of this roof, poling-boards

were used for each plate, and a bulkhead carried down with

each ring as erected. When the heading had been advanced

about 20 ft. from the rock, a 12 x 12 in. yellow-pine mudsill

was introduced along the bottom of the heading, and on this

the roof was covered by means of radial timber bracing. The

excavation was now carried down on both sides of tins mudsill,

to a distance of about 10 ft from the rock, the steel roof being

extended well down on the sides. A circular section was thus

excavated, in which brickwork was laid, four courses thick, and

with an internal diameter of 10 ft. Between March 4 and 6

a great deal of trouble was experienced. Air pressure was

several times to 4S Ibs., and the work progressed very slowly

on account of the many inrushes of water and softened mate-

rial. It was not until April H that the last section of brickwork

in the soft material was completed and rock again entered, after

passing through 20 ft. of this decomposed material. Of the

material met in driving through this vein, at first ft. of the

gray decomposed feldspar was penetrated, a vein of 4 ins. of

hard quart/ was then met. and this was followed by > ft. of pure

white decomposed feldspar, smooth and soft as plaster. The

remaining 14 ft. was made up of layers of feldspar and chlorite.

This chlorite, deep green in color, flaky and grease-like to the

touch when wet, proved to l>e very troublesome material, as it

WM easily converted into a fluid state by the water, which was

again encountered next to the rock.

At the Long Island shaft, the work up to this time had pro-

LMv-^rd to about 250 ft from the shaft. The material so far

encountered on this side was a hard, seamy gneiss, bearing con-

siderable quantities of salty water, containing iron, lime, and

magnesia. Soft ground was now met at this end, in a seam

about 4 ft. wide, of chlorite. As this material was perfectly
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dry and not thoroughly disintegrated, the tunnel was timbered

through this seam without difficulty. Several similar veins

were thus met and passed through, until at a point 285 ft. from

the shaft, where after drilling for about 2 ft. through rock a soft

green, almost liquid chlorite vein was struck, which began flowing

in through the drill holes with great force. These holes were

plugged ; but as it was necessary to know what was ahead, and

as with 100 ft. of cover between the tunnel roof and the river

bottom it was thought that the condition of affairs could not be

very serious, it was decided to continue driving ahead without

air pressure, and with a timbered heading. To see what the

material would do, several hand-holes were put into the rock-

face with the object of blasting out a hole about 2 ft. square

through the remaining 2 ft. of rock, to the chlorite. Before

blasting, however, the precaution was taken to build a bulk-

head, some 40 ft. back from the face. On firing the holes an

inrush of many yards of material took place, which was finally

checked by some rock fragments closing the opening through

the rock. After several desperate attempts on the part of the

contractors to control this material and make progress, the work

was finally abandoned in the latter part of March, and as a

4-in. stream of water was now flowing from the heading, pump-

ing was discontinued, and the shaft and tunnel allowed to flood.

At the New York end work was still being carried on in

compressed air. The rock encountered at the other side of the

soft seam closely resembled the decomposed material which had

been penetrated before, and consisted of alternate layers of

feldspar and chlorite, with an occasional vein of quartz. It

was quite soft, though requiring drilling and blasting, and

eventually it had to be lined. After the heading had been

driven about 69 ft. into this rock the company decided, in

spite of the uncertainty as to the material ahead, to remove the

air pressure, and to call upon the contractors to resume their

contract. Upon removing the air pressure, however, the brick-

work through the soft seam proved so unsatisfactory in exclud-
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ing the water that air pressure was again put on, and it was

decided to line the brickwork with a circular cast-iron lining

(Fig. 116). Although this brickwork was only 10 ft in in-

side diameter, a lining was designed 10 ft 2 ins. in the clear,

as it was now desired to make the tunnel bore as large as

possible. To put in this lining, some of the brickwork had to

be cut out, which was then removed in sections, enough for

one ring of plates at a time. The lining consisted of rings

of plates or segments,
each segment being
about 3 ft. long and

1 ft. 4 ins. wide, with

internal flanges 4 ins.

deep, from the back of

the plate. The metal

in both the back of

the plate and the

flanges was 1| ins.

thick. All the joint-

faces of the segments
were planed, and 1-in.

bolts used for fasten-

ing them together. A
complete tunnel ring

was composed of nine segments and a small inverted key,

about 8 ins. wide.

Difficulties between the company and the contractors, which

had been brewing for some time, now culminated and the

courts were appealed to, to settle their differences. This

caused a cessation of work for a short time until the com-

pany were empowered to take possession and resume the work

of construction for themselves. The work of putting the cast-

iron lining into the brickwork was necessarily a very slow

operation. The lining was exteinlc.1 well into the rock on

both sides of the soft vein, and a wall built at both ends, be-

Fio. 118. Sections of Cant Iron Lining, East River

Gas Tunnel.
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tween the rock and the iron lining, to confine the Portland

cement grout, which was now introduced back of the plates.

To effect this grouting 1^-in. holes had been drilled and tapped

through the back of several plates in each ring. Through
these holes the grout was pumped by means of a Cameron

pump; and after the space between the brickwork and the

lining had been thoroughly grouted, the work was found, on

taking off the air pressure from the heading, to be perfectly

water-tight. It was not until towards the end of July that the

work of lining the brickwork was completed and driving ahead

in the rock was resumed. Then, when an advance of only 10

ft. had been made, a second soft seam was encountered about

80 ft. beyond the first one, and a test pipe was driven to a

horizontal depth of 70 ft., without encountering anything
solid. To avoid further delay, the driving of the test-pipe

was discontinued at this depth, and preparations made for

advancing the heading. For this test-pipe li-in. common

wrought-iron pipe was used, which was driven in by a small

machine-drill, and washed out at each lengthening of the

pipe with a l|-in. wash-pipe. From these washings the differ-

ent materials penetrated were sampled, with the following
tabulated results :

3 ft. gray decomposed feldspar and chlorite.

11 ft. soft black mud, containing lumps of carbonized wood like charcoal.

19 ft. hard black mud and sand, with nodules of pyrites.

22 ft. gray decomposed feldspar.

4 ft. decomposed feldspar and chlorite.

11 ft. gray decomposed feldspar.

Water was again found next to the rock, but was consider-

ably held in check by the compressed air. As from the results

of the test-pipe there were no special difficulties to apprehend
from the indicated material, it was decided to drive ahead,

under the open heading method, as this involved no delays in

waiting for special machinery. The light steel cylindrical roof

was again used in advancing the excavation, but for the perma-
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nent lining the cast-iron rings were to be introduced instead

of brickwork, as heretofore. A start was made on Aug. 7 to

drive the heading into the soft matt-rial, but two days later, after

the work had been advanced C ft. into the soft vein, ordeis

were received to suspend all work on account of the great
financial depression of the time. This was unfoitunate ; and

could it have been anticipated a few days the heading into the

soft material would have been left unopened. As it \\as now,

from being first disturbed and then abandoned, the water was

first allowed to soften up the black mud in the heading, and, in

ppite of the bulkhead, a considerable quantity of the material

was washed into the tunnel.

This stay of proceedings was utilized by making a horizon-

tal test boring in the heading on the Long Island side. At
this shaft no work had l>een done since the departure of the

contractors, beyond the building of a brick bulkhead and air-

lock in the tunnel. Compressed air had then been put on,

which considerably reduced the amount of water flowing into

the tunnel from the heading. The action of the coinpr-

air had l>een somewhat jM-culiar: for notwithstanding the great

depth of the tunnel l>elow the river bed, at 10 Ibs. pressure the

air l>egan to escape through the heading, and with a pressure

of 35 Ibs. per sq. in. small bubbles of escaping air could l>e

seen rising to the surface for over 300 ft. up and down the

river. This seemed to indicate that the ground above the

tunnel had l>een honeycombed up to the river bottom by
tin- previous washing-in of such quantities of the soft green
chlorite. As it was known that there were detached lumps of

rocks in this soft vein, 'J-in. heavy pipe was used for the test

boring, \\ith drive-well couplings, and a circular, hollow steel

bit for the cutting end. This pij>e was driven in the same way
as the one on the New York side, and after passing through

chlorite and various kinds of soft-rock fragments, solid rock

was a_ram met at 32 ft. Into this rock a hole was drilled to n

depth of .V4 ft., using a small bit on the end of a 1-in. pipe aw
1
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drilling through the test-pipe. The rock beyond the soft

seam was a soft white limestone.

With the prospect of resuming work the question now
arose as to the best method of proceeding; and, as a great

deal depended upon the success of driving through the present

headings, it was strongly recommended that the safest and

surest method, that of shield tunneling, be adopted in both

headings, although necessarily entailing a large expenditure in

plant, and delay in time for installation. This plan met with

i'w.say*'

longitudinal Section.

FIG. 117. Section and Elevation of Shield, East River Gas Tunnel.

the company's approval, and a shield and hydraulic plant were

designed. As the nature of the material to be penetrated be-

yond the test-pipes was unknown, this shield was so made that

in passing from rock to soft material, or back again to rock, it

could be erected or taken apart again with a minimum of time

and labor, so that it might almost be called a portable shield

(Fig. 117). As in both the tunnel headings there was but one

air-lock, and as it was inadvisable to remove the air pressure

from the headings, the different parts of the shield had to be of

such size as could be passed through the air-lock doors. This
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was accomplished by dividing the shield transversely, separat-

ing the tail-end section, or that which overlaps the tunnel, from

the cutting-edge section containing the working chaml>ers.

These two sections were, of course, circular, 11 ft. g in. out-

side diameter. The tail end section was 3 ft. 6 ins. long, ar.d

the cutting-edge section 3 ft. 8 ins. long. Both of tl c.co

sections were a:_
rain divided, longitudinally, into four quadrants.

The outside shell, in both tail-end and cutting-edge sections,

was made up of one i in. and one | in. steel plates riveted

together; and at the four quadrant joints, there were -in. butt-

straps 12 ins. wide running the whole

length of the shield and uniting the

quadrants and the two sections. The

middle diaphragm, separating the

cutting-edge and tail-end sections,

was made of two plates, one riveted

to each of the two sections, and these

two plates bolted together with the

butt-straps united the sections. The

cutting-edge section contained two

platforms, one vertical and one hori-

zontal, of the same length as the

section.

To erect this shield the only rivet-

ing necessary was at the four butt-

strap joints in the tail-end section, where it was necessary to

preserve a flush surface on both sides of the outer shell. In

tbe cutting-edge ]art countersunk bolts were used through the

biitt-strai>s. About 5>S() ;-in. bolts and 100 rivets were used to

the shield. T\v dnors closing cadi of the four working
chaml>ers were hung on the vertical platform, and were pro-

vided with fastenings so that the whole face could be easily

oiotecL

T" drive the shield 1- -Vin. hydraulic jacks were used,

designed for a working pressure of 5,000 Ibs. per sq. in., or

Fio. 118. Election and Section

of Hydraulic Jack, Kut Kiver

OM Tunnel.
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700 tons on the whole shield (Fig- 118). These jacks were

controlled by two block-valves, one placed on each side of

the shield. Each of these block-valves consisted of six inde-

pendent valves all in one compact casting, each of which had a

pressure and exhaust stem. Half-inch XX pipe was used for

connecting each jack with its valve, and 1-in. hydraulic pipe

was used for the pressure main, which was connected with the

shield block-valves by three swivel-joint connections. To fur-

nish the pressure, a very compact little pump, designed by
Watson & Stillman, of New York, was used without an accu-

mulator, the pressure being very nicely governed by a steam-

regulating valve.

On Sept. 22 work was resumed on the New York side,

with a small force of men working days only, to excavate in

the rock an enlarged chamber about 15 ft. back from the face,

in which to erect the shield. This chamber was made circular,

tibout 15 ft. in diameter and 10 ft. long. Back from this, the

rock was taken out in a circular form of about 11 ft. diameter,

for some 14 ft., or enough for about 10 rings of the cast-iron

segments which were here erected in the rock, the spaces be

tween being thoroughly grouted with Portland cement. These

rings were thus made solid in the rock to withstand the thrust

of the shield-jacks upon the lining. The blasting necessary in

this work was made as light as possible ; but it was not without

its effect upon the soft material in the heading, a considerable

quantity of the black mud being washed through the bulkhead,
while the braces showed signs of a heavy strain from the

squeezing of the material. The shield arrived at the works on
Nov. 10, and the work of erection was immediately begun.
The sections were lowered down the shaft and taken through
the air-lock to the shield-chamber. On Nov. 17 the shield was
all assembled, and riveting the tail-end sections was commenced.
For heating the rivets in the air-chamber a forge was used,
with a hood to which was connected at the top a 2-in. pipe with
a valve which extended through the air-lock bulkhead. By
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means of this pipe all the obnoxious gases from the furnace

were removed from the air-chamber. After the riveting was

finished, the shield was brought to its right position for line

and grade, the hydraulic jacks and valves put in place, and the

necessary connections made. On Nov. 24 word was received

thr.t the work on the New York side was to be pushed with all

possible speed, and a force was at once organized of three

gangs, working in eight-hour shifts. More rings were built on

the ten rings already anchored in the rock, until the tunnel

lining was brought within the tail-end of the shield.

The shield was now advanced until it was necessary to

disturb the bulkhead, the remaining bench ahead of the shield

being blasted out as the shield progressed. The most difficult

part of the work was now reached, for at the point where the

shield entered the soft, black mud on top there still remained

about 12 ft. of hard rock in the bottom, as the dip of this vein

was over 40 toward Long Island. Blasting had therefore to

M tinned in the bottom pockets of the shield after the top

had entered the much-softened material. As soon as the bulk-

head was passed it was with great difficulty that the bottom

pockets could be kept clear of the black slush from overhead.

The material had become so softened along the rock face that

it was almost impossible to confine it, and several rushes of

inflowing material occurred, until finally an open connection

with the river was established, and the tunnel was visited by
crabs and mussels, together with boulders, old boots and shoes,

brick, and tinware, direct from the river bottom. Notwith-

standing these adverse circumstances the work was still pro-

j nosing, although in 45 Ibs. of compressed air, which was now

escaping through the heading, and causing a very violent

ebullition on the river surface. This upward current of air

held in check the downward current of water, so that no effort*

were made to prevent ite escape. On Dec. 13 the shield finally

cleared the rock and was now fully entered into the soft, black

mud. The main difficulty was now surmounted, the work
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progressed more rapidly, and the shield soon reached undis-

turbed material, which was found quite dry and hard. It was

still the same black mud, with occasional lumps like charcoal,

and numerous nodules like pyrites, which glistened like silver

in the black, peat-like mud. Mattocks were used by the men
in the working chambers, who would clean out these four com-

partments to within a foot of the cutting edge. As soon as

this was done hydraulic pressure was put upon the jacks, some-

times to the amount of 5,000 Ibs. per sq. in., and the shield

forced ahead 16 or 18 ins., enough for another ring of plates,

the working chambers again being filled with the displaced

material. On Dec. 24 the last of the black mud was passed

through, and lying next to it, at an angle of 40 towards

Long Island, white decomposed feldspar was found, containing

fragments of decomposed quartz charged with sulphureted

hydrogen.
An important departure was now made in the method of

erecting the cast-iron lining rings by breaking joints with the

segments. In all the iron-lined tunnels it has been the estab-

lished custom to erect the rings with continuous horizontal

joints. For some reason it was thought inadvisable to attempt

breaking joints with the segments. The writer's experience

in the Hudson tunnel had shown him the importance of obtain-

ing, in soft, squeezing ground, a perfectly rigid tunnel-ring.

In a material exerting hydrostatic pressure the tunnel lining is

subjected to a resultant strain, tending to flatten the ring, or

decrease its vertical diameter. Any yielding to this strain

results both in increasing the deforming pressure and in de-

creasing the power of the ring to resist the strain. In a lining

erected with continuous joints the rigidity of the ring is

dependent upon the bolting in the horizontal joints. At the

Hudson River tunnel a ring of plates was bolted together

lying flat on the ground, the plates all brought to a true circle,

and the two 1^-in. bolts in each joint well tightened. Upon
raising this ring with a derrick, so that it stood erect, the ring
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was flattened 3 ins. by its own weight At the East River

tunnel a similar experiment was made
;
two rings of plates

\\cre bolted together, breaking joints, one ring being revolved

two hull's. These two rings were then raised upright, but no

flattening could be detected. By means of a turnbuckle a

measun d strain was now brought upon the rings along the

vertical diameter. At 16,000 Ibs. the vertical diameter was

shurtened -in., the flanges of the plates cracking where the

turnbuckle was attached. In these two instances there was, of

course, a great difference in the size of the rings, those in the

Hudson tunnel being 18 ft inside diameter, while those in the

gas tunnel were only 10 ft. 2 ins. inside diameter.

Aside from the rigidity gained, breaking joints has proved
much the better in other ways. With continuous joints, two

things are apt to occur: (1) The joint-face where two rings

meet may become slightly warped ; that is, all points on this

face of the ring will no longer lie in the same plane. This

may be caused by carelessness in allowing dirt to get into the

joints between the rings. When this once occurs the warping
increases with every additional ring till true joints can no

longer be made. (2) The rings may be erected so as to depart

gradually from a true circular form. This latter case is im-

possible where the joints are broken, and, in the former in-

stance, by breaking joints, the error is divided and distributed

around the ring until it disappears.

On Jan. 16, 1894, the end of the soft seam was reached with

the shield, and ruck was again entered after having passed

through 08 ft. of soft ground. This rock resembled slightly

tin- lock on Blackwell's Island. It was in a much shattered

condition, \\jth many loose heads and small, soft veins. As
this material required support in the heading and a permanent

lining, and as, in its present condition, there was no assurance

that it might not again pass into soft material shield tunnel-

ing was still continued. Small machine-drills were set up in

the four working-chambers of the shield upon arms bolted to
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the vertical platform, and the rock was drilled and blasted just

ahead of the shield. The progress of 4 ft. per day was made

in this material, of which there was about 65 ft. The rock

then became much more solid, with a roof that was self-sustain-

ing, and arrangements were made for removing the shield.

On Feb. 18 the work of removing the shield was begun, and

two days later everything was ready for the regular rock-tunnel

work in the heading, the shield having been taken apart and

removed in that time.

At about the time that shield tunneling was being discon-

tinued at New York, it was being installed at Long Island.

An entire duplicate plant had been ordered for this side ; for,

although it had been originally intended to use one shield for

both headings, it was later deemed advisable to provide a shield

for each heading, so that there might be no delay, should soft

ground be met in both headings at the same time. In passing

through the soft seam at Ravenswood with the shield, no

especial difficulties were met. The material proved to be a

mass of soft-rock fragments, boulders and cinder-like stones im-

bedded in soft green chlorite. About a month was consumed

in passing through this seam, removing the shield, and prolong-

ing the cast-iron lining well into the rock on both sides of

the vein. With both tunnel headings now in rock, remarkably

rapid progress was made ; and as progress now had become of

great importance to the company, a liberal bonus, arranged on

a sliding scale, was given the foremen for work done over stated

amounts. Up to the time of the headings meeting, an average

progress of 69 ft. per week was made, while in rock, on both

the New York and Long Island sides. The record week of

the work was the one ending June 27, when at Ravenswood

95 ft. was driven, while on the New York side, the heading
was advanced 101 ft, making a total for the week of 196 ft. of

tunnel driven. Soon after the rock tunneling had been re-

sumed on the New York side, this heading reached Blackwell's

Island, and the troubles on this side were over. But at Ravens-
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wood, with the heading in white limestone, there was every
reason to expect further soft seams where the rock should,

change to the granite gneiss of Blackwell's Island. These-

expectations were not disappointed ; for after passing throughi
350 ft. of the limestone, and when within 200 ft of Blackwell's-

Island, a soft seam was met, and air pressure had to be once-

more used in the heading. As this seam was but 14 ft. in

width, and presented no especial difficulties, the tunnel was-

carried through it without using the shield, the cast-iron seg-

ments being erected under a timber roof. Gneiss was encoun-

tered on the other side of this soft vein, which brought with it

the assurance that the last of the soft ground had been passed.

On May 16 serious loss and delay were caused by a fire which

destroyed the New York works. The fire started in an adjoin-

ing picnic
'

ground, containing many light frame structures,

which caused so fierce a conflagration that it was impossible to

save our works. This caused a delay of three weeks in the

time of the tunnel's completion. On July 11, 1894, the re-

maining 1.") ft of rock l>etween the headings was blasted away,
thus opening the pioneer tunnel under the East River, two

years from the time when ground was first broken. Some
weeks were spent in clearing up and shutting out the water in

the wet places. A 3-ft gas main was now laid through to

New York, and nn Oct. 15 gas was delivered into the city,

accomplishing the purpose of the tunnel.

VAN BUREN STREET TUNNEL, CHICAGO.

The Van Buren Street tunnel in Chicago belongs to that

class of submarine tunnels which has been designated as

tunnels on the river Ix-d, by which it is meant that the top of

the tunnel is flush with, or extends slightly above, the bed of

the stream. Two methods an- available for constructing these

tunnels; vi/.., the cofferdam method and the caisson method.

The cofferdam iiictli<d has been actually employed in several
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instances ; but the caisson method, although proposed for sev-

eral projected works, has never actually been employed. The

Van Buren Street tunnel, built to carry a double-track street

railway under the Chicago River, was completed in 1894 by
the cofferdam method. The special features of the tunnel *

are : (1) the unusually large dimensions of the cross-section of

30ft. X 15ft. 9 ins.; (2) its construction inside of coffer-

dams of great length and wdith ; (3) the construction under

some very high buildings calling for great care and very strong

temporary and permanent supports.

The special feature of the work for our present purpose
was the construction of the tunnel across the river. To accom-

plish this a cofferdam was built out from the west shore of the

river to its middle, and the tunnel constructed within* it like

the building of any other structure within a cofferdam. Trans-

verse and longitudinal sections of this cofferdam are shown by

Fig. 119. As will be seen, it was a simple double-wall coffer-

dam, with a clear width between the walls of 58 ft., and braced

transversely as shown. Inside of this a single-wall cofferdam

of piles was constructed, with a clear width just sufficient to

allow the construction of the masonry within it. When the

tunnel end reached the channel end of the cofferdam, a crib-wall

was built over the end of the completed tunnel, as shown by
the drawings. This crib wall was intended to form the end

wall of another cofferdam, which was built out from the east

shore, and within which the remaining half of the tunnel was

built as the first half had been. The drawings show the char-

acter of the tunnel masonry and of the centering upon which

it was built.

In this connection it will be interesting to mention briefly

the most pretentious proposition for tunnel construction by
means of caissons. Some years ago, Prof. Winkler proposed
to construct a tunnel under the River Danube to connect the

various portions of the Vienna, Austria, underground railway,

* "
Eng. News," April 12, 1892.
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and to use caissons in the construction. Prof. Winkler pro-

posed to build caissons from 30 ft. to 45 ft. long, with a width

depending upon the lateral dimensions adopted for the tunnel

masonry. The caisson was to be made of metal plates and

angle iron with riveted connections on all sides except those

running vertically transverse to the tunnel axis, whose connec-

tions were to be bolted. The roof of the caisson was to be

made of T-irons resting upon templates placed on the edge
of the longitudinal sides of the caisson, and strutted in the

middle by the crown of an iron arch having its springers upon
brackets inserted on the vertical angle irons forming the frame

of the caisson. Between the T-irons of the roof small brick

vaults were to be built, and a very thick stratum of concrete

laid on their extrados so as to obtain a level surface. In the

middle of the roof an opening was to be left ; this was for the

shaft having the air-locks to allow the passage of men, mate-

rials, and compressed air.

Across the river two parallel rows of piles were to be

driven into the river bed, to fix the place where the caisson was

to be sunk. Then the first caisson near the shore was to be

lowered in the ordinary way, and a second caisson was to be

immediately sunk very close to the first one. When both cais-

sons had reached the plane of the tunnel floor, the sides which

were in contact were to be unbolted and removed, and the

small space between made water-tight by filling them with yarn
and tar. The chambers of the two caissons were to be opened
into a single large one communicating above by means of two

shafts. At the same time that the masonry was being built in

the two first caissons, from the inverted arch up, a third cais-

son was to be sunk
; and when by excavation it had reached

the plane of the projected tunnel floor, the partitions were

to be removed so that the three caissons were in communica-

tion, forming a large single caisson. To limit the compressed
air to the working-place, walls were to be built across the tun-

nel near the advanced part completely lined. The first wall
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was to be built after four caissons were sunk. Then the outer

partition of die tirst i-aisson was t< be removed, and the ma-

sonry of the submarine tunnel connected with the portion of

the tunnel built on land. In a similar manner all the caissons

were to be sunk ; and when the last one was placed, and the ma-

sonry lining constructed, and connected with the portion of

the tunnel built on the other shore of the river, the partition

walls were to be battered down, and the submarine tunnel com-

pletely constructed and open to traffic.
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CHAPTER XX.

SUBMARINE TUNNELING (Continued). THE
MILWAUKEE WATER-WORKS TUNNEL.

THE new water supply intake tunnel for the city of Mil-

waukee, Wis., is one of the most difficult examples of tunnel

construction which American engineering practice has afforded.

The difficulties were in a large measure unexpected when the

work was decided upon and put under way. The tunnel began
and ended in a hard, impervious clay, practically a rock, and

all the preliminary investigations led to the conclusion that

the same favorable material would be encountered for its

entire length. With such material a brick-lined tunnel 1\ ft.

in diameter presented no unusual problems; but after about

1,640 ft had been excavated from the shore end the tunnel

ran out of the hard clay, and for the next 600 ft. or more

a variety of water-bearing material was encountered, which

tried the skill and patience of the engineer to their utmost.

Other difficulties were indeed met with, but these were of minor

importance in comparison with that of safely and successfully

penetrating the water-bearing drift.

The work of sinking the shore shafts and excavating the

first 1,600 ft. of tunnel did not prove especially difficult. A
hard, compact, and rock-like clay, bearing very little moisture,

was encountered all along, and was blasted and removed in the

ordinary manner. The only mishap which occurred with this

portion of the work was the destruction of the contractor's

boiler plant by fire on Jan. 12, 1891, which allowed the tunnel

to fill with water, and delayed work about a month. By
Oct. 21, 1891, 1,640 ft. had been driven, averaging about 6| ft.
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per day, all in the hard clay. No timbering had been necessary,

and except for the first 100 ft of the tunnel there was very
little seepage. On the afternoon of Oct. 21 water was observed

coming out from one of the diill holes in the heading, but no

attention was paid to it Shortly after a blast was fired, and

was immediately followed by a rush of water from the heading.
An unsuccessful attempt was made to check the flow, and the

pumps were started ; but they were unable to keep the water

down, and after seven hours' hard work the tunnel was aban-

doned. By the next morning the tunnel and shaft were full of

water.

Several attempts were made to empty the tunnel ; but the

limited pumping capacity was not equal to the task, and it was

finally decided to install larger pumps. The pumping had, how-

ever, shown that about 1,000 gallons of water a minute was

coming through the leak. With the increased pumping plant

the tunnel was finally laid dry Feb. 13, 1892. Upon examina-

tion the head of the drift was found to be in the same undis-

turbed condition in which it was left when the water broke in

three months before.

A brick bulkhead was built into the end of the brickwork

of the tunnel, and provided with a timber door for passage, and

two 10-in. pipes for the outlet of the water. With these open-

ings closed, the flow was checked sufficiently to allow the pla-

cing of pumps at the bottom of the shore shaft. Meanwhile the

pressure of the water against the bulkhead caused dangerous

leakage, and so after the pumps were in position the 10-in. pipes

were opened, relieving the pressure and allowing the water its

normal rate of flow. Trouble with the pumps now arose, and

after various stopjuiges and breaks the discharge pipe finally

fell, disabling the whole plant. It became necessary to close

the 10-in. pi|>e8 in the bulkhead and draw up the pumps. This

allowed the tunnel to again fill with water.

After thoroughly overhauling the pumping machinery, the

contractor again laid the tunnel dry on March 19; and after
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the pumps had been permanently placed so as to take care of

the water, an examination of the work was made. It was found

that the water was coming from the north, and with the hope
of avoiding the difficulties of the old heading, it was decided to

make a detour of the south. On April 16 work was begun at

.a point about 90 ft. back from the face, and deflecting the line

about 38 toward the south. About 38 ft. from the angle of

junction a brick bulkhead with two 8-in. openings was built

FIG. 120. Sketch showing underground stream. Milwaukee Water-Works Tunnel.

Into the new bore. The work progressed successfully for about

75 ft., when water was again encountered ;
and upon pushing

forward the heading, gravel and sand came in such quantities

:that it was found impracticable to continue the work further.

On June 1 the bulkhead was permanently closed, and the work

in this direction was abandoned.

A further and closer examination was now made of the

'heading first abandoned. Upon breaking through the rock-like

clay it was found that the water came from an underground
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stream flowing from the north through a well defined channel

in red clay. This channel was ahout 13 ft above the grade of

tlu- tunnel ;
and above it in every direction visible was a bed of

hard, dry, ivd clay, while immediately in front of the face of the

work was a hank of course gravel. Fig. 120 is a sketch of the

channel and stream where they entered the work. In this last

drawing the photograph has l>een followed exactly, no particu-

lar being exaggerated in the slightest. The water from this

stream was clear and pure; and a chemical analysis showed

that it was not lake water, but must come from some separate

source.

While the engineer did not consider the difficulty of pro-

ceding along the old line insurmountable, it was decided to be

less difficult on the whole to go back from 150 ft. to 175 ft. and

dellci i the line to the north and upward, so as to pass over the

underground entrance. Instead of allowing the water to flow

at its normal rate and take care of it by pumping, the contrac-

tors desired to reduce the pumping, and to this end they con-

structed a bulkhead just west of the deflection toward the

south with a view of shutting off the water. The water, how-

ever, accumulated with a pressure of some 50 Ibs. per sq. in.,

and [>enetrated the filling around the brick lining of the tunnel,

preventing the cutting through of the lining for the new line.

A second bulkhead was then built about 20 ft. west of the

first, but with not much letter results, for upon closing it the

water was found to leak through the brickwork for a long

distance west. Finally on Aug. 2, 1892, the contractors

lifted their pumps and allowed the tunnel to fill again with

water.

No further work was done on the tunnel by the contractors,

although they continued work on the lake shaft for some

months. Difficulties had, however, arisen here, which will be

dex,-ril>ed further on; and finally a disagreement arose between

the contractors and the city over the delay in prosecuting

the tunnel work and over one or two other questions, which
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resulted in the City Council suspending their contract and

ordering the Board of Public Works to go ahead with the

work.

The first step to be taken by the engineer was to purchase

adequate pumping machinery and empty the tunnel. This was

effected Jan. 17, 1894 ;
and as soon as practicable thereafter the

two bulkheads were removed and the tunnel cleaned, tram-car

tracks laid, and everything prepared for work. It was now

determined to go ahead on the original line of the tunnel if

possible, and the bulkhead here was removed and work begun.

Meanwhile, a safety bulkhead had been built to replace the first

one torn away. This was provided with a door and drain-

age pipes. Work was begun on the original heading, but had

proceeded only a little way when the water broke in, driving

out the workmen. This was removed three or four times, when

the flow suddenly increased to 3,000 gallons per minute. An
examination of the lake bottom above the break showed that it

had settled down, indicating that the new break connected with

the lake bottom, and making further work along the original

line out of the question.

The question now arose what it was best to do. It was

impracticable to use a shield, as the material ahead of the break

required blasting, and the pressure from above was enormous.

On account of its expense and difficulty of application the

freezing process did not seem advisable, and the plenum process

was likewise out of the question on account of the great

pressure which would be required at this depth. The detour

to the south which had been made by the contractor had been

unsuccessful, and had left the ground in a treacherous condi-

tion. To depress the tunnel was not advisable, for it was not

by any means certain that the bed of gravel could be avoided

in that way ; and, moreover, it would be necessary to ascend

again further on, and thus leave a trap which would effectually

cut off escape to those at work on the face if water again broke

into the tunnel.
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It was finally decided that the old plan of deflecting the

line toward the north and upward so as to pass over the under-

ground stream should be tried. A hole was therefore cut

through the tunnel lining 1,433 ft. from the shore, and work

was begun on a detour of 20 toward the north and an upward

grade of 10 %. Fair progress was made on this new line,

gradually ascending into solid rock, until May 10, when the

test borings, which were constantly made in every direction

from the face, showed that sand was being approached. A
brick bulkhead was therefore built into the masonry as a safe-

guard, should it happen that water was encountered in large

quantities. As the borings seemed to indicate that the top
surface of the rock underlying the sand was nearly level, the

lower half of the tunnel was first excavated, leaving about 18

ins. of the rock to serve as a roof (Sketch a, Fig. 121), and the

brick invert was built for a distance of 52 ft. The rock roof

was then carefully broken through for short distances at a time,

and short sheeting driven ahead into the sand, which proved to

be a very fine quicksand flowing through the smallest openings.

Extreme care had to be taken in this work, but little by little

the brickwork was pushed ahead until at a distance of 90 ft

from the point where the sand was first met, and 208 ft. from

the old tunnel, the sand stopped and the heading entered a

hard clay.

All this work had been done on an ascending grade, and the

ascent was continued about 40 ft. farther in tin- clay. My this

time a sufficient elevation was gained to pass over the under-

ground stream, and the tunnel line was changed to head toward

tin- bike shaft, and the grade reduced to a level. The under-

ground stream was passed without trouble and the tunnel

continued for a distance of 54 ft. without difficulty. On July

10 the clay in the heading suddenly softened, and before the

miners could secure it by bra'-iui,'. the water rushed in, followed

by gravel, filling up solidly some 34 ft. of the tunnel before it

was stopjK'd by a ti:uln.T bulkhead hastily built
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Upon examining the lake bottom a cavity over 60 ft. deep and

10 ft. in diameter was found directly over the end of the tunnel,

which had been caused by the gravel breaking into the tunnel.

Having now reached an elevation where it was possible to use

compressed air, it was determined to put in double air-locks

and use the plenum process. The locks were built, and some

Longitudinal Section' Showing Method of Yv

Construction in Rock Covered with Quicksand.

Sketch "a".

Section A-B-C-D.

Sketch "c".

Wi(Jay Packing

Longitudinal Section of Tunnel .

Sketch. "!>'.

Cross Section Showing Manner of

Constructing Lining around Boulder.

Sketch U"
FlG. 121. Sketch Showing Methods of Lining, Milwaukee Water-Works Tunnel.

670 cu. yds. of clay were dumped into the hole in the lake

bottom. On Aug. 4 the air-locks were tried with 26 Ibs. air

pressure ; but, upon a temporary release of the pressure, the

water passed around the locks and back of the tunnel lining

for some distance, and even forced through the lining, carrying

considerable clay and fine sand with it. Upon sounding the
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lake bottom it was found that the cavity had again increased

to a depth of 65 ft, whereupon an additional 600 cu. yds. of

clay were dumped into it.

On account of the water leaking through the brickwork, the

only dry place to cut through the brickwork and build in an

air-lock was just ahead of the brick bulkhead. This lock was

completed Aug. 27, and to avoid encountering the danger of

the direct connection with the lake at the end of the drift, it

was decided to make another detour to the north. On Aug. 28,

therefore, the brick on the north side of the tunnel 12 ft back

from the end of the brickwork was cut through under 25 Ibs.

air pressure, and work proceeded in good, hard clay. The

original air-lock was cut out and a new lock built into this

clay about 34 ft. from the last detour, to be used in case of

further difficulties. After building the tunnel for about 80 ft.

from the detour, the soundings again indicated the approach to

gravel and water, and on Oct. 14 the water broke through from

the bottom in such volume and with such force that the men
ran out, closing every air-lock and the valves of every drain in

their haste to escape, until the brick ^bulkhead was reached.

It was with great difficulty that the portion of the tunnel up to

the last air-lock was recovered and cleaned out.

It was now recognized that a pressure of from 38 to 40 Ibs.

of air would l>e needed to hold this water, and accordingly an-

other compressor was added to the plant. With a pressure of

3<> llw. the water was driven out and the work again started.

At this time also an additional 350 cu. yds. of clay were dumped
into the hole in the lake bottom. Altogether, 1,620 cu. yds.

<>f clay had been put into this hole.

Loose gravel and boulders, some of immense size, were now

encountered, and the work became exceedingly difficult on

aeeoiint of the great escape of air. The interstices between the

gravel and boulders were not filled with silt or sand, but con-

tained water. Moreover, this material extended upward to the

lake liottom, as was shown by the escape of air at the surface of
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the lake. For an area of several hundred square feet the surface

of the water resembled a pot of boiling water. At times the

air would escape very rapidly, and again only a few bubbles

would show.

It need hardly be said that the work in this gravel was veiy

slow. It was impossible to blast or to tear out the large boulders

whole, as so much surface would be exposed that an inrush of

water would take place despite the air pressure. The method

of procedure was to excavate a heading and build the biick roof

arch first, and then to take out the bench and build the in-

vert. Fig. 121 gives a number of sketches showing how the

work was done. A short piece of heading was taken out, the

top and face of the bench being meanwhile plastered with clay

(Sketches b and c, Fig. 121) to reduce the escape of air, and

then the roof arch was built and supported on side sills resting

on the bench. Bit by bit the roof arch was pushed forward

until some little distance had been completed, then the heading
was plastered w*ith clay and the bench taken out little by little

and the invert built. All the gravel except the small area

upon which work was actually in progress was kept thoroughly

plastered with clay ; and as the air escaped through the com-

pleted brick work very rapidly, water was allowed to cover a

portion of the invert (see Sketch c, Fig. 121), so as to reduce

the area of escape.

When a large boulder was reached, which lay partly within

and partly without the tunnel section, the lining was built out

and around it, as shown in Sketch d, Fig. 121. The boulder

was then broken and taken out. All through this gravel bed

the cross-section of the lining is made irregular by the con-

struction of these pockets in the lining to get around boulders.

Sometimes they were on one side and sometimes on the other,

or on both, or at the top or bottom. In fact, there was no

regularity. Despite the hazard and danger of this work, con-

tinual progress was made, though sometimes it was only 4 ft.

of completed tunnel per week, working night and day ; and, if
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some cases of caisson disease be excepted, the only mishap oc-

curring was a fire which got into the timber packing behind

the lining and caused some trouble. From the gravel the tunnel

ran into clay and quicksand, and then into hard, dry clay
similar to that encountered near the shore. Some difficulty

was had with the quicksand, but it was successfully overcome
;

and when tin- hard clay was struck, the trouble, as far as the

work from the shore shaft was concerned, was virtually over.

Meanwhile, a different set of afflictions had come upon the

engineer and contractors in sinking the lake shaft and driving

the heading toward shore. This shaft was intended to be

built by sinking a cast-iron cylinder 10 ft in diameter, made

up of sections bolted together. Work was begun July 5, 1892,

and the sinking was accomplished first by weighting the cylinder,

and afterwards by pumping out the sand and water within it

until the pressure from the outside broke through under the

cutting edge and forced the sand into the cylinder, allowing it

to sink a little. From 10 to 80 cu. yds. of sand were carried

into the cylinder each time, and finally it was feared that if

the process continued, the crib, which had been previously

erected, would be undermined. On Sept. 6, therefore, the

contractors were ordered to discontinue this method of work.

No change was made, however, until Oct. 1, when the cylinder

had reached a depth of 68 ft., and by this time there was quite

a large cavity underneath the crib. This was refilled, and the

cylinder pumped out, and excavation begun inside of it. On
Oct. 11 a 2^-ft deep ring of brick work was laid underneath

the cutting edge ; but in trying to put in another ring beneath

the first, two days later, the sand and water broke through the

bottom, driving the men out, and filling the cylinder to a depth
of 16 ft. with sand. The pumps were started, but the water

could not be lowered to a greater depth than 60 ft.

At the request of the contractors, the city engineer had a

boring made at the center of the shaft to determine the

character of the material to be further penetrated. This
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boring showed that sand mixed with loam and gravel would be

found for a depth of 26 ft., then would come 15 ft. of red clay,

and finally a layer of hard clay like that penetrated by the

shore end of the tunnel. About the middle of December the

contractors made another attempt to pump the shaft, but find-

ing that the water came in at the rate of 25 gallons a minute,

abandoned the attempt. In the latter part of February prepa-

rations were made to put an air-lock in the shaft and use

compressed air. Hardly had the work been begun by this

system, when, on April 20, 1893, a terrific easterly storm swept
the top of the crib bare of the buildings and machinery, and

drowned all but one of the 15 men at work there.

This disaster delayed the work for some time, but in June

the contractors erected a new building and new machinery, and

resumed work. Very little progress was made ; and the air es-

caped so rapidly that it loosened the sand surrounding the

shaft and reduced the friction to such an extent that on July

28 the entire cylinder lifted bodily about 6 ft., and sand rushed

in, filling the lower part of the cylinder to within 45 ft. of the

lake surface. No further work was done by the contractors,

although they submitted a proposition to sink a steel cylinder

inside the cast-iron cylinder and extending from 5 ft. above

datum to 100 ft. below datum for $300 per ft. This proposi-

tion was refused by the city; and since work on the tunnel

proper has been abandoned by the contractors some time before,

as had already been described, the city suspended their contract

on Oct. 19.

Op Oct. 30 a contract was made with Mr. Thos. Murphy,
of Milwaukee, Wis., to sink a steel cylinder inside the old iron

cylinder. The water was first pumped out of the old cylinder,

and a timber bulkhead built at the bottom. On this the steel

cylinder was built, and then the bulkhead was removed. Air

pressure was put on, and the excavation proceeded successfully

until the bottom layer of clay was met with, when all chances

for trouble ceased.
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The cylinder, AS it was completed, penetrated 9 ft. into the

hard clay, and was underpinned with brickwork for a depth of

29 ft. or more, to a jMiint 4 ft. below the grade line of the

tunnel. At the lower end, the section of the shaft was changed
from a circle to a square. Later the steel cylinder was lined

with brick.

On March 28, 1894, an agreement was made with Mr.

Tims. .Murphy to construct the tunnel from the lake shaft

toward the shore. Except that considerable water was en-

countered, which, owing to inadequate pumping machinery,
filled the tumid and shaft at two different times, and had to

be removed, no very great difficulty was had with this part of

the work.

On July 28, 1895. the headings from the lake and shore

shafts met Meanwhile the cast-iron pipe intake, the intake

crib, etc., had been completed, and practically all that remained

to be done was to clean the tunnel and lift the pumping

machinery at the shore shaft. During the cleaning, the air

pressure had been kept up on account of the leakage through
the brick lining, and, indeed, the pressure was kept up until

the last possible moment, and everything made ready for

removing the air locks, bulkheads, pumps, etc., in the least

possible time. The pumps \\cn- the last to come out.
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CHAPTER XXI.

SUBMARINE TUNNELING (Continued). THE
SHIELD SYSTEM.

Historical Introduction. The invention of the shield system

of tunneling through soft ground is generally accredited to Sir

Isambard Brunei, a Frenchman born in 1769, who emigrated to

the United States in 1793, where he remained six years, and

then went to England, in which country his epoch-making in-

vention in tunneling was developed and successfully employed in

building the first Thames tunnel, and where he died in 1849, a

few years after the completion of this great work. Sir Isambard

is said to have obtained the idea of employing a shield to tunnel

soft ground from observing the work of ship-worms. He no-

ticed that this little animal had a head provided with a boring

apparatus with which it dug its way into the wood, and that its

body threw off a secretion which lined the hole behind it and

rendered it impervious to water. Toduplicate this operation

by mechanical means on a large enough scale to make it ap-

plicable to the construction of tunnels was the plan which

occurred to the engineer ; and how closely he followed his ani-

mate model may be seen by examining the drawings of his

first shield, for which he secured a patent in 1818. Briefly

described, this device consisted of an iron cylinder having at

its front end an auger-like cutter, whose revolution was in-

tended to shove away the material ahead and thus advance the

cylinder. As the cylinder advanced the perimeter of the hole

-behind was to be lined with a spiral sheet-iron plating, which

Avas to be strengthened with an interior lining of masonry. It

will be seen that the mechanical resemblance of this device to
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the ship-worm, on which it is alleged to have been modeled, was

remarkably rl<r.

In the same patent in whirh Sir Isamhard secured protection
for liis mechanical silkworm he elaimed equal rights of inven-

tion for another shield, which is of far greater importance in

being the prototype of the shield actually en ployed by him in

constructing the first Thames tunnel. This alternative inven-

tion, if it may be so termed, consisted of a group of separate
cells which could be advanced one or more at a time or all

together. The sides of these cells were to be provided with

friction rollers to enable them to slide easily upon each other;

and it was also specified that the preferable motive power for

advancing the cells was hydraulic jacks. To sumntari/e briclly,

therefore, the two inventions of Brunei comprehended the pro-

tecting cylinder or shield, the closure of the face of the exca-

vation, the cellular division, the hydraulic-jack propelling po\\er,

and cylindrical iron lining, which are the essential characteris-

tics of the modern shield system of tunneling. The next step

required was the actual proof of the practicability of Brunei's

inventions, and this soon came.

Those who have read the history of the first Thames tunnel

will recall the early unsuccessful attempts at construction which

had discouraged English engineers. Five years after Brunei's

patent was secured a company was formed to undertake the

task attain, the plan l>eing to use the shield system, under the

>nal direction of its inventor as chief engineer. For this

work Brunei selected the cellular shield mentioned as an alter-

native construction in his original patent. He also chose to

make this shield rectangular in form. This choice is commonly
accounted for by the fact that the strata to l>e penetrated by the

tunnel were practically hori/oiital. and that it was assumed by
the engineer that a rectangular shield would for some reason

~t the pressures which would !>e developed. Whatever

the reason may have In-cn for the choice, the fact remains that

a rectangular shield was adopted. The tunnel as designed con-
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sisted of two parallel horseshoe tunnels, 13ft. 9 ins. wide and

16ft. 4 ins. high and 1200 ft. long, separated from each other

by a wall 4 ft. thick, pierced by 64 arched openings of 4 ft.

span, the whole being surrounded with massive brickwork built

to a rectangular section measuring over all 38 ft. wide and

2-2 ft. high.

The first shield designed by Brunei for the work proved in-

adequate to resist the pressures, and it was replaced by another

somewhat larger shield of substantially the same design, but of

improved construction. This last shield was 22ft. 3 ins. high

and 37 ft. 6 ins. wide. It was divided vertically into twelve

separate cast-iron frames placed close side by side, and each

frame was divided horizontally into three cells -capable of sepa-

rate movement, but connected by a peculiar articulated con-

struction, which is indicated in a general way by Fig. 122. To
close or cover the face of the excavation, poling-boards held in

place by numerous small screw-jacks were employed. Each

cell or each frame could be advanced independently of the

others, the power for this operation being obtained by means

of screw-jacks abutting against the completed masonry lining.

Briefly described, the mode of procedure was to remove the

poling-boards in front of the top cell of one frame, and excavate

the material ahead for about 6 ins. This being done, the top
cell was advanced 6 ins. by means of the screw-jacks, and the

poling-boards were replaced. The middle cell of the frame was
then advanced 6 ins. by repeating the same process, and finally
the operation was duplicated for the bottom cell. With the

advance of the bottom cell one frame had been pushed ahead
6 ins., and by a succession of such operations the other eleven
frames were advanced a distance of 6 ins., one after the other,
until the whole shield occupied a position 6 ins. in advance of

that at which work was begun. The next step was to fill the
6-in. space behind the shield with a ring of brickwork.

The illustration, Fig. 122, is the section parallel to the ver-

tical plane of the tunnel through the center of one of the
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frames, and it shows quite clearly the complicated details of

the shield construction. Two features which are to be particu-

larly noted are the suspended staging and centering for con-

Fin. 122.-Ix>nKltn.1liiiil s,-,-tlon of BrimHV Slil.-M, FlrM Tlmnii* Tqnnel.

structing the roof ;m-li. and tin- top plate of the shield extending

Kirk and overlapping tin- r<...f masonry so as to close completely

the roof of the excavation and prevent it falling. Notwithstand-

ing its complicated construction and unwieldy weight of 120
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tons, this shield worked successfully, and during several months

the construction proceeded at the rate of 2 ft. every 24 hours.

There were two irruptions of water and inud from the river

during the work, but the apertures were effectually stopped by

heaving bags of clay into the holes in the river bed, and cover-

ing them over with tarpauling, with a layer of gravel over all.

The tunnel was completed in 1843, at a cost of about $5600

per lineal yard, and 20 years from the time work was first

commenced, including all delays.

The next tunnel to be built by the shield system was the

tunnel under London Tower constructed by Barlow and

Greathead and begun in 1869. In 1863 Mr. Peter W. Barlow

secured a patent in England
for a system of tunnel con-

struction comprising the use of

a circular shield and a cylindri-

cal castriron lining. The shield,

as shown by Fig. 123, was

simply an iron or steel plate

cylinder. The cylinder plates

were thinned down in front to

form a cutting edge, and they

extended far enough back at the rear to enable the advance

ring of the cast-iron lining to be set up within the cylinder. In

simplicity of form this shield was much superior to Brunei's ;

but it seems very doubtful, since it had no diametrical bracing

of any sort, whether it would ever have withstood the com-

bined pressure of the screw-jacks and of the surrounding earth

in actual operation without serious distortion, and, probably,
total collapse. It should also be noted that Barlow's shield

made no provision for protecting the face of the excavation,

although the inventor did state that if the soil made it neces-

sary such a protection could be used. The patent provided
for the injection of liquid cement behind the cast-iron lining

to fill the annular space left by the advancing tail-plates of the

FIG. 123. First Shield Invented by Barlow.
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shield. Although Barlow made vigorous efforts to* get hi*

shield used, it was not until 1868 that an opportunity pre-
sented itself. In the meantime the inventor had been studying,
how to improve his original device, and in 1868 he secured addi-

tional patents covering these improvements. Briefly described1

,,

they consisted in partly closing the shield with a diaphragm,,
as shown by Fig. 124. The iminclosed portion of the shield is=

here shown at the center, but the patent specified that it might
also be located below the center in the bottom part of the

shield. The idea of the construction was that in case of an

irruption of water the upper portion of the shield could be

kept open by air pressure, and work prosecuted in this open

space until the shield A
had l>een driven ahead

sufficiently to close

the aperture, when

the normal condition

of affairs would be

rer.inned. This was

obviously an improve-

ment of real merit

The partialdiaphragm
also served to stiffen the shield somewhat against collapse, but

tin- thin plate cutting-edges and most of the other structural

weaknesses were left unaltered. To summarize briefly the*

improvements due to Balow's work, we have : the construction

of the shield in a single piece ; the use of compressed air and

a partial diaphragm for keeping the upper part of the shield

open in case of irruptions of water; and the injection of liquid"

cement to fill the voids In-hind the lining.

Turning now to the London Tower tunnel work, it may
first lx> noted that Ilarlow found some dilh'culty in finding a

contractor who \\as willing t<> undertake the job, so little

confidence had engineers generally in his shield system. One

man, however, Mr. J. II. (ircathead. jvreeived that Barlow's

Longitudinal Section. Cross Section .

FIG. 13*. Second Shield Invented by Barlow.
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device presented merit, although its design and construction

were defective, and he finally undertook the work and carried

it to a brilliant success. The tunnel was 1,350 ft. long and

7 ft. in diameter, and penetrated compact clay. Work was

begun on the first shore shaft on Feb. 12, 1869, and the tunnel

was completed the following Christmas, or in something short

of eleven months, at a cost of 14,500.

The shield used was Barlow's idea put into practical shape

by Greathead. It consisted of an iron cylinder, or, more

properly, a frustum of a cone whose circumferential sides

were very slightly inclined to the axis, the idea being that

the friction would be less if the front end of the shield were

slightly larger than the rear end. The shell of the cone was

made of ^ in. plates. The thinned plate cutting-edge of

Barlow's shield was replaced by Greathead with a circular

ring of cast iron. Greathead also altered the construction of

the diaphragm by arranging the angle stiffeners so that they
ran horizontally and vertically, and by fastening the diaphragm

plates to an interior cast-iron ring connected to the shell plates.

This was a decided structural improvement, but it was accom-

panied with another modification which was quite as decided

a retrogression from Barlow's design. Greathead made the

diaphragm opening rectangular and to extend very nearly from

the top to the bottom of the shield, thus abandoning the

element of safety provided by Barlow in case of an irruption
of water. Fortunately the material penetrated by the shield

for the Tower tunnel was so compact that no trouble was had

from water
; but the dangerous character of the construction

was some years afterwards disastrously proven in driving the

Yarra River tunnel at Melbourne, Australia. To drive his

shield Greathead employed six 2^ in. screw-jacks capable of

developing a total force of 60 tons. The tails of the jack bore

against the completed lining, which consisted of castriron rings
18 ins. wide and in . thick, each ring being made up of a

crown piece and three segments. The different segments
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and rings were provided with double (exterior and interior)

flanges, by means of which they were bolted together. The

soil behind the lining was filled with liquid cement injected

through small holes by
means of a hand pump.

The remarkable suc-

cess of the London Tower

tunnel encouraged
Barlow to form in 1871 a

company to tunnel the

Thames between South- Fl - 128- Shield Suggested by Greathead for the

Proposed North and South Woolwich Subway.
wark and the City, and

Greathead, in 1876, to project a tunnel under the same water-

way known as the North and South Woolwich Subway. Bar-

low's concession was abrogated by Parliament in 1873, without

any work having been

done. Greathead pro-

gressed far enough with

his enterprise to const nut

a shield and a large

amount of the iron lining

when the contractors

abandoned the work.

From the brief descrij)-

tion of his shield <riven

by Greathead to the Lon-

don Society of Civil Kn-

gineers, it contained sev-

eral important differences

from the shield built by
him for the London
Tower tunnel, as is shown

by Fip. 1 2"). The changes
which deserve particular notice are the great extension of the

shield behind the diaphragm, the curved form of the diaphragm.

FlO. 120 Bench'* Bhli-ld fnwl on Broadway
I'liciitnatlc Hallway Tunnel.
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and the use of hydraulic jacks. Greathead had also designed

for this work a special crane to be used in erecting the cast-iron

segments of the lining.

While these works had been progressing in England, Mr.

Beach, an American, received a rmtent in the United States for

a tunnel shield of the construction shown by Fig. 126, which

was first tried practically in constructing a short length of

tunnel under Broadway for the nearly forgotten Broadway

FIG. 127. Shield for City and South London Railway.

Pneumatic Underground Ry. This shield, as is indicated by
the illustration, consisted of a cylinder of wood with an iron-

cutting-edge and an iron tail-ring. Extending transversely

across the shield at the front end were a number of horizontal

iron plates or shelves with cutting-edges, as shown clearly by
the drawing. The shield was moved ahead by means of a

number of hydraulic jacks supplied with power by a hand

pump attached to the shield. By means of suitable valves all

or any lesser number of these jacks could be operated, and by
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thus regulating the action of the motive power the direction of

the shield could be altered at will. Work was abandoned on

the Broadway tunnel in 1870. In 1871-2 Beach's shield was

used in building a short circular tunnel 8 ft. in diameter in

Cincinnati, and a little later it was introduced into the Cleve-

land water-works tunnel 8 ft. in diameter. In this latter work,

which was through a very treacherous soil, the shield gave a

great deal of trouble, and was finally so flattened by the

Longitudinal Section, Cross Section.

Fm. 129. Shield for Blackwall Tunnel.

pressures that it was abandoned. The obviously defective fea-

tures of this shield were its want of vertical bracing and the

lack of any means of closing the front in soft soil.

With the foregoing brief review of the early development of

the shield system of tunneling, we have arrived at a point where

the methods of modern practice can be studied intelligently.

In the pages which follow wo shall first illustrate fully the

construction of a number of shields of typical and special

construction, and follow these illustrations with a general dis-

cussion of present practice in the various details of shield

construction.
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Longitudinal Section..

FlO. 130. Elliptical Shield f-r (Mirny S.'w.-r Tunnel, PmrU.

Mr. Raynald I^gouez, in his excellent book upon the shield

system of tunneling, considers that tunnel shields may be di-

vided into three classes structurally, according to the character
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of the material which they are designed to penetrate. In the

first class he places shields designed to work in a stiff and com-

paratively stable soil, like the well-known London clay ;
in the

second class are placed those constructed to work in soft clays

r nd silts ; and in the third class those intended for soils of an

Longitudinal Section.

Cross Section.

FIG. 131. Semi Elliptical Shield for Clichy Sewer Tunnel.

unstable granular nature. This classification will, in a general

way, be kept by the writer. As a representative shield of

the first class, the one designed for the City and South London

Ry. is illustrated in Fig. 127. The shields for the London

Tower tunnel, the Waterloo & City Ry., the Glasgow District

Subway, the Siphons of Clichy and Concorde in Paris, and the
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Glasgow Port tunnel, are of the same general design and con-

struction. To represent sliields of the second class, the St.

('lair River and Blackball shields are shown in Figs. 128 and

I:?! 1
. The shields for the Mersey River, the Hudson Ki\ei,

and the East Iliver tunnels also l>elong to this class. To

represent shields of the third class, the elliptical and senii-

ff
Otlo.lt of Cmtmq under CnH

of Mrdm. Longitudinal Section t-0.

FKI. 132. K-xif Shield for Ibwton Subway.

elliptical shields of the Cliehy tunnel work in Paris are shown

liy l-'i^s. 1UO ami 1:51. The semi-circular shield of the Boston

Snhway is illustrated hy Fig. 1: '.'_'.

SHIELD CONSTRUCTION.

General Form. Tunnel shields are usually cylindrical or

s'-ini-cylindriral in cross-section. The cylinder may IK) circular,

elliptical, or oval in section. Far the greater nnnd>cr of shields

used in the past have IH-CII circular cylinders; hut in one part

of the srurr tunnel of Cliehy, in Paris, an elliptical shield
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with its major axis horizontal, was used, and the German en-

gineer, Herr Mackensen, has designed an oval shield, with its

major axis vertical. A semi-elliptical shield was employed on

the Clichy tunnel, and semi-circular shields were used on the

Baltimore Belt Line tunnel and the Boston Subway in Amer-

ica. Generally, also, tunnel shields are right cylinders ; that is,

the front and rear edges are in vertical planes perpendicular to

the axis of the cylinder. Occasionally, however, they are

oblique cylinders ;
that is, the front or rear edges, or both, are

in planes oblique to the axis of the cylinder. One of these

visor-shaped shields was employed on the Clichy tunnel.

The Shell. It is absolutely necessary that the exterior sur-

face of the shell should be smooth, and for this reason the

exterior rivet heads must be countersunk. It is generally

admitted, also, that the shell should be perfectly cylindrical,

and not conical. The conical form has some advantage in

reducing the frictional resistance to the advance of the shield ;

but this is generally considered to be more than counterbalanced

by the danger of subsidence of the earth, caused by the exces-

sive void which it leaves behind the iron tunnel lining. For

the same reason the shell plate, which overlaps the forward ring
of the lining, should be as thin as practicable, but its thickness

should not be reduced so that it will deflect under the earth

pressures from above. Generally the shell is made of at least

two thicknesses of plating, the plates being arranged so as to

break joints, and, thus, to avoid the use of cover joints, to inter-

rupt the smooth surface which is so essential, particularly on

the exterior. The thickness of the shell required will vary
with the diameter of the shield, and the character and strength
of the diametrical bracing. Mr. Raynald Legouez suggests as

a rule for determining the thickness of the shell, that, to a

minimum thickness of 2 mm., should be added 1 mm. for every
meter of diameter over 4 meters. Referring to the illustrations,

Figs. 128 to 132 inclusive, it will be noted that the St. Clair

tunnel shield, 21 ft. in diameter, had a shell of 1-in. steel
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plates with cover-plate joints and interior angle stiffeners ; the

shell of the East River tunnel shield, 11 ft. in diameter, was

made up of one $-in. and one |-in. plate; the Blackwall tunnel

shield, 27 ft. 9 ins. in diameter, had a shell consisting of

four thicknesses of f-in. plates ;
and the Clichy tunnel shield,

with a diameter of 2.06 meters, had a shell 2 millimeters thick.

Front-End Construction. By the front end is meant that

portion of the shield between the cutting-edge and the vertical

diaphragm. The length of this portion of the shield was

formerly made quite small, and where the material penetrated

is very soft, a short front-end construction yet has many advo-

cates ; but the general tendency now is to extend the cutting-

edge far enough ahead of the diaphragm to form a fair-sized

working chamber. Excavation is far more easy and rapid when

the face can be attacked directly from in front of the diaphragm
than where the work has to be done form behind through the

apertures in the diaphragm. So long as the roof of the excava-

tion is supported from falling, experience has shown that it is

easily possible to extend the excavation safely some distance

ahead of the diaphragm. In reasonably stable material, like

compact clay, the front face will usually stand alone for the

short time necessary to excavate the section and advance the

shield one stage. In softer material the face can usually be

sustained for the same short period by means of compressed air;

or the face of the excavation, instead of beinur made vertical, can

be allowed to assume its natural slope. In the latter case a

visor-shaped front-end construction, such as was used on some

portions of the Clichy tunnel, is particularly advantageous. The

following figures show the lengths of the front ends of a number

of representative tunnel shields.

Pity and Pontli London . 1 ft. Merery Kivor 3 ft.

urltlver .... 11.2.1 " Kant River 31 "

Hudson Rivrr .... 6! Rlnrkwall 6.5 "

Two general types of construction are employed for the

cutting-edge. The first type consists of a cnst-iron or oatt-lteel
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ring, beveled to form a chisel-like cutting-edge, and bolted to

the ends of the forward shell plates. This construction was

.first employed in the shield for the London Tower tunnel, and

has since been used on the City and South London, Waterloo

and City, and the Clichy tunnels. The second construction

consists in bracing the forward shell plates by means of right

triangular brackets, whose perpendicular sides are riveted

respectively to the shell plates and the diaphragm, and whose

inclined sides slant backward and downward from the front

dge, and carry a conical ring of plating. The shields for the

St. Clair River, East River, and Blackwall tunnels show forms

of this typs of cutting-edge construction. A modification of

the second type of construction, which consists in omitting the

conical plating, was employed on some of the shields for the

Clichy tunnel. This modification fs generally considered to be

allowable only in materials which have little stability, and which

crumble down before the advance of the cutting-edge. Where

the material is of a sticky or compact nature, into which the

shield in advancing must actually cut, the beveled plating is

necessary to insure a clean cutting action without wedging or

jamming of the material.

Cellular Division. It is necessary in shields of large diam-

eter to brace the shell horizontally and vertically against

distortion. This bracing also serves to form stagings for the

workmen, and to divide the shield into cells. The following

table shows the arrangement of the vertical and transverse

bracing in several representative tunnel shields.

NAME OF TUXNEL.
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Referring first to the horizontal divisions, it may be noted

that they serve different purposes in different instances. In the

Cliehy tunnel shield the horizontal divisions formed simply

working platforms ; in the Waterloo tunnel shield they were

designed to ahut closely against the working face by means of

special jacks, and so to divide it into three separate divisions; in

the St. Clair tunnel they served as working platforms, and also

had cutting-edges for penetrating the material ahead ; and in

the Blackball tunnel shield they served as working platforms,

and had < Mining-edges as in the St Clair tunnel shield, and in

addition tin 1 middle division was so devised that the two lower

chambers of the shield could be kept under a higher pressure of

air than the two upper chambers. Passing now to the vertical

divisions, they serve to brace the shell of the shield against ver-

tical pressures, and also to divide the horizontal < lianiliers into

cells; but unlike the horizontal plates they are not provided

with cutting-edges. The St. Clair, Hudson River, and Black-

wall tunnel shields illustrate the use of the vertical bracing for

the double purpose of vertical bracing and of dividing the hori-

zontal cl aml>ers into cells. The Waterloo tunnel shield is

an example of vertical bracing employed solely as bracing.

The vertical division of the Hast River tunnel shield was

employed in order to allow the shield to l>e dissembled in

quadrants.

The Diaphragm. The purpose of the shield diaphragm is to

clo.se the rear end of the shield and the tunnel In-hind from an

inrush of water and earth from the face of the excavation. It

alsosenes the secondary purpose of stiffening the shell diamet-

rically. Structurally the diaphragm separates the front-end con-

struction previously described from the rear-end construction,

which will IHJ descril>ed farther on : and it is usually composed
of iron or steel plating reinforced by beams or girders, and

pierced with one or several openings by which access is had

to tho working face. In stable material, where caving or an

inrush of water and earth is not likely, the diaphragm is



260 TUNNELING

omitted. The shield of the Waterloo tunnel is an example of

this construction. In more treacherous materials, however, not

only is a diaphragm necessary, but it is also necessary to diminish

the size of the openings through it, and to provide means for

closing them entirely. Sometimes only one or two openings are

left near the bottom of the diaphragm, as in the St. Glair and

Mersey tunnel shields ; and sometimes a number of smallei

openings are provided, as in the East River and Hudson Rivei

tunnel shields.

In highly treacherous materials subject to sudden and

violent irruptions of earth from the excavation face, it some-

times is the case that openings, however small, closed in the

ordinary manner, are impracticable, and special construction has

to be adopted to deal with the difficulty. The shields for the

Mersey and for the Blackwall tunnels are examples of such

special devices. In the Mersey tunnel a second diaphragm was

built behind the first, extending from the bottom of the shield

upward to about half its total height. The aperture in the first

diaphragm being near the bottom, the space between the second

and first diaphragms formed a trap to hold the inflowing material.

The Blackwall tunnel shield, as previously indicated, had its

front end divided into cells. Ordinarily the face of the excava-

tion in front of each cell was left open, but where material was

encountered which irrupted into these cells a special means of

closing the face was necessary. This consisted of three poling-

boards or shutters of iron held one above the other against the

face of the excavation. These shutters were supported by
means of strong threaded rods passing through nuts fastened

to the vertical frames, which permitted each shutter to be ad-

vanced against or withdrawn from the face of the excavation

independently of the others. Various other constructions have

been devised to retain the face of the excavation in highly
treacherous soils, but few of them have been subjected to

conclusive tests, and they do not therefore justify considera-

tion.
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Rear-End Construction. Hy tlie rear end of the shield is

that ixu-tion at the rear of the diaphragm. It may be

dividrd into two parts, called respectively the body and the

tail of the shield. The chief purpose of the body of the shield

is to furnish a place for the location of the jacks, pumps,

motors, etc., employed in manipulating the shield. It also

serves a purpose in distributing the weight of the shield over

a large area. To facilitate the passage of the shield around

curves, or in changing from one grade to another, it is desirable

to make the body of the shield as short as possible. In the

Mersey, Clichy, and \Vatt-rloo tunnel shields, and, in fact,

in most others which have been employed, the shell plates of

the body have been reinforced by a heavy cast-iron ring, within

and to which are attached the jacks and other apparatus. The

latest opinion, however, seems to point to the use of brackets

and In-ams for strengthening the shell for the purpose named,

rather than to this heavy cast-iron construction. In the

Hudson River, St. Clair River, and East River tunnel shields,

A\ ith their long and strongly braced front-end construction to

cany the jacks, the body of the shield, so to speak, is omitted,

and the rear-end construction consists simply of the tail plat-

ing. In the Blackwall shield, the body of the shield shell

provides tin- space necessary for the double diaphragms and

the cells which they inclose. In a general way, it may be

said that the present tendency of engineers is to favor as

short and as light a body construction as can IHJ secured.

The tail of the shield serves to support the earth while the

lining is being erected; and for this reason it overlaps the

forward ring of the lining, as shown clearly by most of

the shields illustrated. To fulfill this iturjM.se, the tail-plates

should lc perfectly smooth inside and outside, so as to slide

easily between the outside of the lining plates and the earth,

and should also be as thin as practicable, in order not to leave

a large void behind the lining to be filled in. In soils which

are fairly stable, the tail construction is often visor-shaped :
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that is, the tail-plates overlap the lining only for, say, the roof

from the springing lines up, as in one of the shields for the

Clichy tunnel. In unstable materials, the tail-plating ex-

tends entirely around the shield and excavation. The length

of the (ail-plating is usually sufficient to overlap two rings of

the lining, but in one of the Clichy tunnel shields it will be

noticed that it extended over three rings of lining. This

seemingly considerable space for thin steel plates is made

possible by the fact that the extreme rear end of the tail

always rests upon the last completed ring of lining.

In closing these remarks concerning the rear-end con-

struction, the accompanying table, prepared by Mr. Raynald

Legouez, will be of interest, as a general summary of principal

dimensions of most of the important tunnel shields which have

been built. The figures in this table have been converted

from metric to English measure, and some slight variation

from the exact dimensions necessarily exists. The different

columns of the table show the diameter, total length, and the

length of each of the three principal parts into which tunnel

shields are ordinarily divided in construction as previously
described :

NAME OF Sini.ii>.
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Jacks. -- The motive power usually employed in driving
modern tunnel shield* is hydraulic jacks. In some of the

earlier shields screw-jacks weie used, but these soon gave way
to the more powerful hydraulic device. The manner of

attaching the hydraulic jacks to the shield is always to fasten

the cylinder castings at regular intervals around the inside of

the shell, with the piston rods extending backward to a bearing

against the forward edge of the lining. In the older forms of

shield, having an interior cast-iron reinforcing ring construc-

tion, the jack cylinder eastings were always attached to this

cast-iron ring; but in many of the later shields constructed

without this cast-iron reinforcing r ' ng> ^ ie cylinder castings
are attached t<> the shell by means of bracket and gusset con-

nections. The nuinlx'r and size of the jacks employed, and tin?

distance apart at which they are spaced, depend upon the size

of the shield and the character of the material in which it is

designed to work. In stitT and comparatively stable clays, the

skin friction of the shield is comparatively small, and an ag-

gregate jack-power of from 4 to 5 tons per square yard of

the exterior friction surface of the shield has usually been

found ample. The cylinders are spaced about 5j ft. apart,

and have a working diameter of from 5 to 6 ins., with a

water pressure of about 1,000 Ibs. per sq. in. In soft,

sticky material, giving a high skin friction, the aggregate jack-

power required per square yard of exterior shell surface rises to

from 18 to 24 tons; the jacks are spaced about 3 ft apart;

and the working cylinder diameter and water pressure are, re-

sprc -lively, about 6 or 7 ins., and from 4,000 llw. to 6,000 Ibs.

per sq. in. With these high pressures, power pumps are

necessary to give the required water pressure; but where the

pressure required does not cxcrrd 1. <><)<) Ibs. jer sq. in., hand

jiiimps may l>e, ami usually are, employed. The number of

jacks required dejN-nds upon the diameter of the shield, and, of

course, ui*>n tM(> distance apart which they an- placed. In the

City and South London tunnel shield six jacks were used, and
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1:1 the Blackwall shield 24 were used. The mechanical

construction of the jacks for tunnel shields presents no features

out of the usual lines of such devices used elsewhere. The

jacks used on the East River tunnel shield are shown by Fig.

118, and those for the St. Clair River tunnel by Fig. 133.

Part Transverse Section. Longitudinal Section.

FIG. 133. Cast Iron Lining, St. Clair River Tnnnel.

Two general methods are employed for transmitting the

thrust of the piston rods against the tunnel lining. The

object sought in each is to distribute the thrust in such a

manner that there is no danger of bending the thin front flange

of the forward lining ring. In English practice the plan
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usually adopted, is to attach a shoe or bearing casting to the

end of the piston rod, which will distribute the pressure over

a considerable area. An example of this construction is the

shield for the City and South London tunnel. In the East

River and St. Clair River tunnels, built in America, the tail of

the piston rod is so constructed that the thrust is carried

directly to the shell of the lining.

LINING.

Either iron or masonry may be used for lining shield-driven

tunnels but present practice is almost universally in favor of

iron lining. As usually built, iron lining consists of a series of

successive cast iron rings, the abutting edges of which are pro-

vided with flanges. These flanges are connected by means of

butts, the joints being packed with thin strips of wood, oakum,

cement, or some other material to make them water-tight.

Each lining ring is made up of four or more segments, which

are profiled with flanges for bolted connections similar to

those fastening the successive rings. Generally the crown seg-

ment is made considerably shorter than those forming the sides

and bottom of the ring. The erection of the iron segments

forming the successive rings of the lining may be done by hand

in tunnels of small diameter where the weights to be handled

are comparatively light, but in tunnels of large size special

cranes attached to the shield or carried by the finished lining

are employed. The construction of the iron lining for the East

River tunnel is illustrated in Chapter XIX.. and that for the

St Clair River tunnel is shown by Fig. 133.
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CHAPTER XXII.

ACCIDENTS AND REPAIRS IN TUNNELS DURING
AND AFTER CONSTRUCTION.

IN the excavation of tunnels it often happens that the dis-

turbance of the equilibrium of the surrounding material by the

excavation develops forces of such intensity that the timbering

or lining is crushed and the tunnel destroyed. To provide

against accidents of this kind in a theoretically perfect manner

would require the engineer to have an accurate knowledge of

the character, direction and intensity of the forces developed,

and this is practically impossible, since all of these factors differ

with the nature and structure of the material penetrated. The

best that can be done, therefore, is to determine the general
character and structure of the material penetrated, as fully as

practicable, by means of borings and geological surveys, and

then to employ timbering and masonry of such dimensions and

character as have withstood successfully the pressures devel-

oped in previous tunnels excavated through similar material.

If, despite these precautions, accidents occur, the engineer is

compelled to devise methods of checking and repairing them,
and it is the purpose of this chapter to point out briefly the
most common lands of accidents, their causes, and the usual
methods of repairing them.

Accidents During Construction. Accidents may happen both

during or after construction, but it is during construction, when
the equilibrium of the surrounding material is first disturbed,
and when the only support of the pressures developed is the

timber strutting that they most commonly occur.
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Causes of Collapse. Collapse in tunneL* may be caused : (1)

by the weight of the earth overhead, which is left unsupported

by the excavation ; (2) by defective or insufficient strutting ;

and (3) by defective or weak masonry. %

(1) The danger of collapse of the roof of the excavation is

influenced by several conditions. One of these is the method

of excavation adopted. It is obvious that the larger the

volume of the supporting earth is, which is removed, tl e

greater will be the tendency of the roof to fall, and the more

intense will be the pressures which the strutting will be called

upon to support. Thus the English and Austrian methods of

tunneling, where the full section is excavated before any of the

lining is placed, and where, as the consequence, the strutting

has to sustain all of the pressures, present more likelihood of

the roof caving in than any of the other common methods.

The character 'and structure of the material penetrated also

influence the danger of a collapse. A loose soil with little

cohesion is of course more likely to cave than one which is

more stable. Rock where strata are horizontal, or which is

seamy and fissured, is more likely to break down under the roof

pressures than one with vertical strata and of homogeneous
structure. Soft sod containing boulders whose weight develops

local stresses in the roof timl>ering is likely to be more danger-

ous than one which is more homogeneous. A factor which

greatly increases the danger of collapse, especially in soft soils,

is the presence of water. This element often changes a soil

which is comparatively stable, when dry, into one which is

highly unstable and treacherous. The liability of the material

to disintegration by atmospheric influences and various other

conditions, which will occur to the reader, may influence its

stability to a dangerous extent, and result in collate.

(2) Collapse is often the result of using defective or insuf-

ficient strutting. Of course, in one sense, any strutting which

fails under the pressures develojH-d, however enormous they

may be, can l>e said to be insufficient, but ais used here the term
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means a strutting with an insufficient factor of safety to meet

probable increases or variations in pressure. Insufficient strut-

ting may be due to the use of too light timbers, to the spacing

of the roof timbers too far apart, to the yielding of the founda-

tions, to insufficient bearing surface at the joints, etc. Collapse

is often caused by the premature removal of the strutting dur-

ing the construction of the masonry. The masons, to secure

more free space in which to work, are very likely, unless

watched, to remove too many of the timbers and seriously

weaken the strutting.

(3) The third cause of collapse is badly built masonry.
Poor masonry may be due to the use of defective stone or brick,

to the thinness of the lining, to poor mortar, to weak centers

which allow the arch to become distorted during construction,

to poor bonding of the stone or bricks, to the premature
removal of the centers, to driving some of the roof timbers

inside it, etc.

Prevention of Collapse. Tunnels very seldom collapse with-

out giving some previous warning of the possible failure, and

also of the manner in which the failure is likely to occur.

From these indications the engineer is often able to foresee the

nature of the danger and take steps to check it. The danger

may occur either during excavation or after the lining is built.

During excavation the danger of collapse is indicated before-

hand by the partial crushing or deflection of the strutting tim-

bers. If the timbers are too light or the bearing surfaces are

too small, crushing takes place where the pressures are the

greatest, and the timbers bend, burst, or crack in places, and the

joints opan in other places. The remedy in such cases is to in-

sert additional timbers to strengthen the weak points, or it may
be necessary to construct a double strutting throughout.
When the distance spanned by the roof timbers is too great,
failure is generally indicated by the excessive deflection of

these timbers, and this may often be remedied by inserting
intermediate struts or props. In some respects the best remedy



ACCIDENTS AND REPAIRS IN TUNNELS 269

under any of these conditions is to construct the masonry as

soon as possible.

When collapse is likely to occur after the masonry is com-

pleted, its probability is generally indicated by the cracking
and distortion of the lining. A study of the cause is quite

likely to show that it is the percolation of water through the

material surrounding the lining which causes cavities l>ehind

the lining in some places, and an increase of the pressures in

other places. When it is certain that this water comes from

the surface streams above, these streams may often be diverted

or have their beds lined with concrete to prevent further perco-

lation. When percolating water is not the cause of the trouble,

a usually efficient remedy is to sink a shaft over the weak point,

and refill it with material of more stable character. These,

and the remedies previously suggested, are designed to prevent
failure without resorting to reconstruction. When they or

similar means prove insufficient, reconstruction or repairs have

to be resorted to.

Repairing Failures. Tunnels may collapse in several ways :

(1) The front and sides of the excavation may cave in; (2)

the floor or bottom may bulge or sink ; (3) the roof may fall

in ; (4) the material above the entrances may slide and fill

tin-in Up.

(1) One of the most common accidents is the caving of the

front and sides of the excavation. This may often l>e prevented

!.\ taking care that the face of the excavation follows the natu-

ral slope of the material instead of U ing more or less nearly

\.itioal. When, however, caving does occur it may usually

liirc<l ly removing the fallen material, strongly shoring

the cavity, and filling in lehind with stone. tiniU'r, or fascines.

(2) The bulging or rising of the bottom of the tunnel may

usually IK* considered as a consequence of the squeezing together

of the side walls. It usually occurs in very loose soils, and is

chiefly important from the fact that the reconstruction of the

side walls is made necessary. The sinking of the tunnel bot>
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torn is a more serious occurrence. It seldom happens unless

there is a cavity beneath the floor, due either to natural causes

or to the fact that mining operations have gone on in the hill

or mountain penetrated by the tunnel. When the bottom of

the tunnel sinks, three cases may be considered : (a) when the

sinking is limited to the middle of the tunnel floor; (6) when

only a portion of the foundation masonry is affected
; and, (c)

when the entire lining is disturbed. In the first case repairs

are easily made by filling in the cavity with new material. In

the second case the unimpaired portion of the masonry is tem-

porarily supported by shoring while the injured portion is re-

moved and rebuilt on a firm foundation. The remaining cavity

is then filled. In the case of the complete failure of the lining,

the method of repairing employed when the roof falls, and

described below, is usually adopted.

(3) The most dangerous of all failures is the falling of the

tunnel roof. In such casualties two cases may be considered :

(a) When the falling mass completely fills the tunnel section,

and () when it fills only a portion of the section.

When the whole section is filled by the fallen material, the

problem may be considered as the excavation of a new tunnel

of short length inside the old tunnel, and under rather more

difficult conditions. The first task, particularly if men have

been imprisoned behind the fallen material, is to open com-

munication through it between the two uninjured portions of

the tunnel. It is advisable to do this even when there is no

danger to life because of imprisoned workmen, since it enables

the work of repairing to be conducted from both directions.

The excavation of a passageway through the fallen material

is rendered difficult, both because the fallen material is of an

unstable character, and also because it is usually filled with the

lining masonry, timbering, etc. When, therefore, the accident

has happened l>efore the full section of the original material

has been removed, the first heading or drift is driven through
this original material rather than through the fallen debris.
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Any of the regular soft-ground methods of tunneling may be

employed, but it is usually better to select one which allows

the masonry to be built with as little excavation as possible at

tirst. For this reason the (ierman method of tunneling is par-

ticularly suited t<> repair work of this nature. The Belgian

method may also l>e used to advantage, pirticularly when the

caving extends to the surface of the ground above, and the

upper portion of the debris is, therefore, practically the same

material as that through which the original tunnel was driven.

The greatest defect of the Belgian method for making repairs

is that the roof arch is supported by a rather unstable mass of

\'v^ ^fr^\T=7 V
Fio. 134. Tunneling through Caved Material by Heading.

mingled earth, stone, and timl>er, which constitutes the bottom

layer of the fallen material. Tin- m.-tluxl of strutting the work

when the (ierman or Belgian method is used is shown by Fig.

l : -l. It sometimes happens that the fallen debris is so un-

stable that it will nnt carry safely the arch masonry in the

Belgian method or the strutting in the (ierman method, and in

these cases one of the full-section methods of excavation is

usually adopted. The nature of the strutting employed is

shown by Fig. 1 :> a. When the section has l>een opened and

the new masonry built, great can- should lx taken to fill the

cavity In-hind the masonry with timler or stone; and should
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the disturbance reach to the ground surface it is often a good

plan to sink a shaft through the disturbed material, and fill it

with more stable material.

&::^fcMmmlmjfm

f^1

\=^p=T Vf

FIG. 135. Tunneling through Caved Material by Drifts.

When the fallen debris fills only a part of the section, the

first thing to provide against is the occurrence of any further

caving ; and this is usually done by building a protecting roof

above the line of the future roof masonry. Figs. 136 and 137

FIGS. 136 and 137. Filling in Roof Cavity Formed by Falling Material.

show two methods of constructing this temporary roof, which

it will be noticed is filled above with cordwood packing. As
soon as the temporary roof is completed, the lining masonry is

constructed.
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(4) Landslides which close the tunnel entrance are repaired

in a variety of ways. Fig. 138 shows a common method of

preventing the extension of a landslide which has been started

FIG. 138. Timbering to Prevent Landslides at Portal.

by the excavation for the entrance masonry. Fig. 139 shows a

method often adopted when the slope is quite flat and the

amount of sliding material is small. It consists essentially of

removing the fallen material and building a new portal farther

back ; that is, the open
cut is extended and the

tunnel is shortened.

When the amount of

the sliding material is

very large, the contrary

practice of lengthening

the tunnel and short* n-

ing the open cat, as

Shown by tig. 140, Flo 130 _shortning Tunnel Cnwhed by LandHd

may ta adopted.
at ''"'

Accident* After Construction. Accidents after the comple-
ii M of the tunnel may IK- divided into two classes: first,

those which entirely obstruct the passage of trains, of which the

collapse of the roof is the most common ; and second, those which

allow traffic to be continued while the repairs are being made,
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such as the bulging inward of a portion of the lining without

total collapse. In the first case the first duty of the engineer

is to open communication through the fallen debris, so

that passengers at least may be transferred from one part of the

tunnel to the other and proceed on their way. This is done

by driving a heading, and strongly timbering it to serve as a

passageway. If the tunnel is single tracked this heading is

afterwards enlarged until the whole section is opened. In

double-track tunnels the method generally adopted is to open

first one side of the section and timber it strongly, so as to clear

one track for traffic. While the trains are run-
/

ning through this temporary passageway the

other half of the section is opened and re-

paired ;
the traffic is then shifted to the

new permanent track, arid the temporary
structure first employed is replaced

with a permanent lining.

When the accident is such

that the repairs can be

made without ob-

structing traffic en-

tirely, Various FlG 140 _ Extendlug Tunnel through Landslide at Portal.

modes of procedure

are followed. In all cases great care has to be exercised to

prevent accident to the trains and to the tunnel workmen.

The work should be done in small sections so as to disturb as

little as possible the already troubled equilibrium of the soil ;

the strutting should be placed so as to give ample clearing

space to passing trains, and the trains themselves should be run

.at slow speeds past the site of the repairs. To illustrate the

two kinds of accidents and the methods of repairing them,

which have been mentioned, the accidents at the Giovi tunnel

in Italy and at the Chattanooga tunnel in America have been

selected.

Giovi Tunnel Accident In September, 1869, at a point about
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220 ft. from the south portal of the Giovi tunnel, a disturbance

of the masonry lining for a length of about 52 ft. was observed.

Accurate measurements showed that the lining was not sym-
metrical with respect to the vertical axis of the sectional profile.

It was concluded that owing to some disturlianre of the sur-

rounding soil unsymmetrical vertical and lateral pressures were

acting on the masonry. Close watch was kept of the dis-

torted masonry, which for some time remained unchanged
in position. In 1872, however, new crevices were observed

t > have developed, and shortly afterwards, in January, 1873,

tlie injured portion of the masonry caved in, obstructing

the whole tunnel section. The fallen material consisted

chiefly of clay in a nearly plastic state. The surface of the

ground above was observed to have settled. Investigation

showed also that the cause of the caving was the percolation of

water from a nearby creek. The water had soaked the ground,

and decreased its stability to such an extent that the masonry

lining was unable to withstand the increased vertical and lateral

pressures.

The mode of procedure decided upon for repairing the

damage was: (1) To open at least one track for the temporary
accommodation of traffic ; (2) To remove permanently the causes

which had produced the collapse ; (3) To build a new and

much stronger lining. Close to the western side wall, which

was still standing, the debris was removed, and the opening

strongly strutted in order to allow the laying of a single

track to reestablish communication. At the same time a shaft

was sunk from the surface above the caved portion of the tunnel,

for the double purpose of facilitating the removal of the

fallen material and of sifl'ording ventilation. The depth of the

surface above the tunnel was 41.> ft., which made the construc-

tion of the shaft a comparatively easy matter. The shaft itself

wasfi.} ft. wide and 1 * ft. \ni\g. with its longer dimensions parallel

to the tunnel, and it was lined with a rectangular hori/.ontal

frame and vertical-poling board construction. After tern-
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porary communication had been opened on the western track of

the tunnel, the remainder of the fallen earth was removed and

the excavation strutted. The new masonry lining was then

built

To remove permanently the cause of the cave-in, which was

the percolation of water from a close-by stream, this stream was

diverted to a new channel constructed with a concrete bed and

side walls.

The failure of the original lining occurred by cracks develop-

ing at the crown, haunches, and springing lines. The new lining

was made considerably thicker than the original lining, and at

the points where failure had first occurred in the original arch

cut-stone vousaoirs were inserted in the brickwork of the new

arch as described in Chapter XIII.

Chattanooga Tunnel. The Western & Atlantic Ry. passes

through the Chattanooga mountains by means of a single-track

tunnel 1,477 ft. long, constructed in 1848-49. The lining con-

sisted of a brickwork roof arch and stone masonry side walls.

After the tunnel had been opened to traffic, this lining bulged
inward at places, contracting the tunnel section to such an ex-

tent that it was decided to reconstruct the distorted portions.

After careful surveys and calculations had been made, it was

decided to take down and reconstruct about 170 ft. of the

lining.

Owing to contracted space in the tunnel, it was necessary
to remove all men, tools, and material, whenever trains were

to pass through ; and in order to do this a work-train of

three cars was fitted up with necessary scaffolds, and supplied
with gasoline torches for lighting purposes. Mortar was mixed

on the cars, and all material remained on them until used.

Debris torn out of the old wall was loaded on the cars, and

hauled to the waste dump. A siding was built near the West
end of the tunnel for the use of this train, and a telephone sys-

tem was installed between the entrances and the working-train.
On account of the contracted working-space and the greater
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ease with which brick could be handled, it was decided to re-

build the walls out of brick instead of stone.

In tearing out the old wall a hole was first cut through the

three bottom courses of the arch and gradually widened. When
the opening became four or five feet long, a small jack was

placed near the center of it and brought to a bearing against

the arch to sustain it After cutting the opening to a length

of from 7 to 10 ft depending on the stability of the earth

backing, the jack was removed and a piece of 8x16 in. timber

placed under the arch and brought up to a bearing with jacks.

One end of the timber rested on the old wall, the other on a seat

built into the adjoining section of new wall. Wedges were

then driven under the ends of timber and the jacks removed.

With this timber in place, the old wall could be taken dowu
with ease, the only trouble being that small stones and earth

fell in from above and behind the arch. Tliis was obviated

by placing a 2 in. plank across the opening and just back of

the 8x16 in. timber. At several points, however, the earth

backing was saturated with water, and it became necessary to

put in lagging as the old wall was removed. This timbering
would be taken out as the new work was built up.

A suitable foundation for the new wall was secured at a

depth from 2 to 4 ft, and a concrete footing was used. The
section of the new wall was then built up as near as possible to

the 8x16 in. timtar; the timljer was then removed and the

new wall built up and keyed under the arch.

The new wall had a minimum width of 'J.l ft at the top,

and 4 ft. at the base of rail, and was provided with weep holes

at intervals. T<> facilitate matters, work was carried on simul-

taneously at two or three different places, the intention la-ing

to get one place torn out and ready for the bricklayers by the

time they completed a section of the new wall at another

place.

In rebuilding the arch, sections extending from the spring-

ing line up as far as was necessary to obtain the desired clear-
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ance, and from 2J to 4 ft. in length, were removed. Near the

sides, the earth above the arch was a stiff clay, which was self-

sustaining; but near the center there occurred a stratum of

gravel and clay saturated with water. This gave considerable

trouble, falling through almost continuously until timbering

could be placed. One end of this timber rested on the old

arch, the other on the adjoining section of the new work. As

the new work was to be set 6 to 13 ins. back from the old, it

was necessary to block up this distance on top of the old arch,

to carry the end of the lagging timl>er, in order that the timber

should be clear of the new arch.

Owing to the small clearance between the car roof and the

arch, a special form of centering was required, one that would

occupy as small space as possible. Bar iron 1 in. thick, 4 ins.

wide, and 20 ft. long was curved to a radius of 6| ft., and on

the underside of this was riveted a 6-in. plate i in thick. This

plate projected 1 in. on the sides of the centering, and carried

the ends of the 1 in. boards used for lagging. The rivets were

counter-sunk on the outside of the centering to present a smooth

surface next the arch.

In keying up a section of the new work, a space about 18 ins.

square had to be left open for the use of the workmen. As

soon as the next section had been torn out, this space was built

up. In building up the last section, this space had to be filled

from below, which proved to be a tedious undertaking. The

opening was gradually reduced to a size of 10 x 18 in., and the

top ring then completed and keyed up, the adhesion of mortar

holding the bricks in place until the key could be driven home.

The next ring was treated in a similar manner, and so on to the

face ring. Altogether 412 lin. ft. of the walls and 178 lin. ft.

of the arch were taken down and rebuilt, amounting in all to

607 cu. yds. of masonry at the total cost of $7,440, or about

$12.25 per cu. yds.

The regular trains arrived so frequently at the tunnel that

slightly over two hours was the longest working-time between
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any two trains, and usually less than one hour at a time was all

that it could be worked. In addition to the regular trains, a

large number of extra trains, moving troops, had to be accom-

modated. Work was in progress eight months, and during that

time there was no delay to a passenger train. The repairs were-

completed in August, 1899. The work was under the direction,

of Mr. W. H. Whorley, engineer of the Western & Atlantic

R. R., and foreman of construction, A. H. Richards. A recent

examination failed to reveal any sign of settlement cracks at the

junction points of the new and old work.
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CHAPTER XXIII.

RELINING TIMBER LINED TUNNELS WITH
MASONRY.

THE original construction of many American railway tunnels

with a timber lining to reduce the cost and hasten the work has

made it necessary to reline them, as time has passed, with some

more permanent material. In most cases the work of removing
the old lining and replacing it with the new masonry has had

to be done without interfering with the running of trains, and a

number of ingenious methods have been developed by engineers

for accomplishing this task. Three of these methods which

have been employed, respectively, in relining the Boulder

tunnel on the Montana Central Ry., in Montana, the Mullan

tunnel on the Northern Pacific Ry., in Montana, and the Little

Tom tunnel on the Norfolk & Western R. R., in Virginia, have

been selected as fairly representative of this class of tunnel

work.

Boulder Tunnel. This tunnel penetrates a spur of the main

range of the Rocky Mountains, at an elevation at the summit

of grade of 5,454 ft., and is 6,112 ft. in length. Its alinement is

a tangent, with the exception of 150 ft. of 30' curve at the

north end. The material penetrated is blue trap-rock with

seams for 4,950 ft. from the north end, and syenitic boulders

with the intervening spaces filled with disintegrated material

for the remaining 1,160 ft. The dimensions and character of

the old timber lining and of the new masonry lining replacing
it are shown in Figs. 141 and 142.

The form of masonry adopted consisted of coarse rubble side

walls of granite, 13 ft. 8 ins. high, and generally 20 ins. thick,
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with a full center circular arch of four rings of brick laid in

rowlock form. When greater strength was needed the thick-

ness of the side walls was increased to 30 ins. and that of the

arch to six rings of brick.

The first plan adopted in putting in the masonry was to

remove all the timbering ; but owing to the large number of

falls and slides this was abandoned, and the plan followed was to

leave in the three roof segments of the timbering with the over-

lying cord-wood packing and debris. In carrying on the work

the first step was to remove the side timbers. This was done

by supporting the roof timbers, as shown in Fig. 141 ; that is,

the first and fourth arch rib of an 8-ft. section containing four

OOM Section.

KI..S. 141 and 142. Relining Timber-Lined Tunnel.

arch ribs were supported by temporary posts. The intermedi-

ate an-h ribs were supported against the downward pressure by

6 X 6 in. timbers, extending from the side ribs near the tops

of the temporary posts to the opposite sides of the intermediate

roof segments, as shown in the longitudinal section, Fig. 142.

'!' resist the pressure from the sides, 4x6 in. braces were

placed across the tunnel from near the center of the intermedi-

ate segments t tin- II|.|MT ends of tin- hip sf^incnts. as >ho\\ n

in the cross-section, Fig. 141. The hip segments were then

sawed off below the notch, and the side timbering removed and

the masonry built

The stone was conveyed into the tunnel on flat cars, and laid

by means of small derricks located on the cars. Two derricks
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were used, one for each side wall, and the work on both walls

was carried on simultaneously.

The arch was built upon a centering, the ribs of which were

oi ins. less in diameter than the distance between the side

walls, so as to permit the use of 2f ins. lagging. Each center

had three ribs, made in 1-in. or 2-in. board segments, 10 ins. thick

and 14 ins. deep. These ribs were mounted on frames, which

followed the opposite walls, and were 4 ft. apart, making the

total length of the center out to out about 9 ft. The frames,

upon which the ribs were supported, are shown in Fig. 143.

As will be seen, they were mounted on dollys to enable the

center to be moved from one section to another. Jacks were

used to raise and lower

the center into its proper

position.

The arch was built up
from the springing lines

on both sides at the same

time, four masons being

employed. The rings

were built beginning with

the intrados, which was

brought up, say, a dis-

tance of about 2 ft. from the springing line. Then the back of

the ring was well plastered with from | in. to in. of mortar,

and the second ring brought up to the same height and

plastered on the back, and so on until the last ring was laid.

After bringing the full width of the arch up some distance,

new laggings were placed on the ribs for an additional height
of 2 ft. and the same process was repeated. All the space
between the extrados of the masonry arch and the old lining

was compactly filled with dry rubble. When high enough
so that the hip segments had a foot or more bearing on the

masonry the segments were securely wedged and blocked up
against the brickwork, and the longitudinal 4 X 6 in. timbers

Cross Section .
longitudinal Sectfc

FIG. 143. Relining Timber-Lined Tunnel,
Great Northern Ry.
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removed. Tlie remaining space was now clear for completion
of the arch, and both sides were brought up until there was

not sufficient space for four masons to work, when the keying
was completed by two masons beginning at the completed and

working back toward the toothed end. The brickwork was

built from the top of a staging-car.

In a few instances where slides occurred after the removal

of the slide timbering, the method of retimbering the tunnel

shown in Fig. 144 was adopted. Two side drifts were first

run 2J ft wide by 4 ft high, and the plate timbers placed in

position and blocked. Cross drifts were then run, and the roof

segments placed, and the core down to the level of the bottoms

of the side drifts taken

out The lower wall

plates were then placed

and the hip segments
inserted. The bench

was then taken down

by degrees, the side

plates being held by

jacks, and the posts

placed one at a time.

As the masonry at the

points where slides occur consists of 30-in. walls and six-ring

arch, the timbering was 22 ft wide in the clear, with other

dimensions as shown in Fig. 144.

Only a single crew of brick and stone masons was employed.
In order to prepare the sections for these masons it was

necessary to have timber ami trimming crews at work through-

out the whole day of 24 hours, so that an engine and two train

crews were in constant attendance. Tin- single mason crews

were able to complete 8 ft of side wall and art-h in 24 hours.

The numl>er of men actually employed at the tunnel was 85.

This included electric-li^lit niaintcnaix , and nil other lal>or

pertaining to tin- w>rk. The tunnel was lighted by an Edison

GOM Section.
Longitudinal Section.

Fio. 144. Itellning Timber-Lined Tunnel,
Great Northern Ry.
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dynamo of 20 arc light capacity, one arc light being placed on

each side of the tunnel at all working-places. Each lamp
carried a coil of wire 20 or 30 ft. long to allow it to be shifted

from place to place without delay.

Mullan Tunnel. This tunnel is 3,850 ft. long, and crosses

the main range of the Rocky Mountains, abou-t 20 miles

west of Helena, Mont. The tunnel is on a tangent throughout,

and has a grade of 20 % falling toward the east. The summit

of the grade, west of the tun-

nel, is 5,548 ft. above sea

level, and the mountain above

the line of the tunnel rises

to an elevation of 5,855 ft.

Owing to the treacherous

nature of the material through
which the tunnel passed, it

had been a constant menace

to traffic ever since its con-

struction in 1883, and numer-

ous delays to trains had been

caused by the falls of rock

and fires in the timber lin-

ing. For these reasons it was

finally decided to build a per-

manent masonry lining, and

work on this was begun in July, 1892.

The original timbering consisted of sets spaced 4 ft. apart
c. to <?., with 12 x 12 in. posts supporting wall plates, and a

five-segment arch of 12 x 12 in. timbers joined by H-in.
dowels. The arch was covered with 4-in. lagging, and the

space between this and the roof was filled with cordwood.

Except where the width had been reduced by timbering placed
inside the original timbering to increase the strength, the clear

width was 16 ft., and the clear height 20 ft. above the top of

the rail. Fig. 145 shows the timbering and also the form

FIG. 145. Relining Timber Lined Tunnel,
Great Northern Ry.



TiMi:K!:-LiNED TUNNELS WITH MASONRY 28o

of masonry lining adopted. The side walls are of concrete and

the arch of brick. Tbis new masonry, of course, required tbe

removal of all tbe original timbering. The manner of doing
tliis work is as follows: A 7-ft section, A B, Fig, 146, was first

prepared by removing one post and supporting the arch by
st ruts, S S. After clearing away any backing, and excavating for

the foundation of the side wall, two temporary posts, F F, were

set up, and fastened by hook bolts, Fig. 140, L, and a lagging
was built to form a mold for the concrete. Several of these

7-ft. sections were prepared at a tin.e, cadi two being sepa-

rated by a 5-ft. section of timbering.

r~
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The average progress per working-day was 30 ft. of side

wall, or about 45 cu. yds. ; and the average cost, including all

work required in removing the timber work, train service, lights

and tools, engineering and superintendence, and interest on

plant, was $8 per cubic yard.

The centering used for putting in the brick arches is shown

in Fig. 147. From 3 ft. to 9 ft. of arch was put in at a time,

the length depending upon the nature of the ground. To re-

move the old timber arch, one of the segments was partly sawed

through; and then a small charge of giant powder was exploded
in it, the resulting debris,

cordwood, rock, etc., being

caught by a platform car ex-

tending underneath. From
this car the debris was re-

moved to another car, which

conveyed it out of the tunnel.

The center was then placed

and the brickwork begun, the

cement car shown in Fig. 146

being used for mixing the

mortar. The size of the

bricks used was 2 + 2| + 9

ins., four rings making a 20-

in. arch and giving 1.62 cu. yds. of masonry in the arch per
lin. ft. of tunnel. The bricks were laid in rowlock bond, two

gangs, of three bricklayers and six helpers each, laying about 12
lin. ft. per day. The brickwork cost about $17 per cu. yd.
The total cost of the new lining averaged about $50 per lin. ft.

Little Tom Tunnel. The tunnel has a total length of 1,902
ft., but only 1,410 ft. of it were originally lined with timber.

This old timber lining consists of bents spaced 3 ft. apart, and
located as shown by the dotted lines in the cross-section, Fig.
148. Instead of renewing this timber, it was decided to replace
it with a brick lining. Although the tunnel was constructed

FIG. 147. Centering Mullan Tunnel.
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through rock, this rock is of a seamy character, and in some

portions of the tunnel it disintegrates on exposure to the air.

In removing the timber to make place for the new lining some

of the roof was found close to the lagging, but often also con-

siderable sections showed breakages in the roof extending to a

height varying from 1 ft. to 12 ft. above the upper side of the

timbering. This dangerous condition of the roof made it neces-

FIG. 149. Kelining Timber-Lined Tunnel, Norfolk and Western Ry.

sary that only a small section of the timber lining should be

removed at one time. It made it necessary, also, that the brick

arch should be built quickly to close this opening, and finally

that all details of centers, etc., should be arranged so as to

furnish ample clearance to trains. The accompanying illustra-

tions show the solution of the problem which was arrived at.

Referring to the transverse and longitudinal sections shown
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by Fig. 148, it will be seen that two side trestles were built to

carry an adjustable centering for the roof arch. Two sections

(>t these trestles and centerings were used alternately, one being
carried ahead and set up to remove the timbering while the

masons were at work on the other. The manner of setting up
and adjusting the trestles and centerings is shown by Fig. 148

and also by Fig. 149, which is an enlarged detail drawing of

the set screw and rollers for the centering ribs. The following
is the bill of material required for one set of trestles and one

center :

Trestles :

Caps and sills 8 pieces 8 x 8 ins. x 20 ft.

Posts 18 " 8 x 8 " x 11 "

Braces 16 " 6 x 4 " x 7 "

Centerings :

Ribs 27 " 2 x 18 " x 7 "

Bracing t ... 12 " 2 x 8 " x 7 "

Support to crown lagging 2 " 6 x 6 " x 10 "

Crown lagging 20 " 8 X " x 2"
Side lagging 80 " 8 x 6 " x 10 "

Side strips 2 " 2 x 12 '

x 9 "

Blocking for rollers 1
" 6 x 8 x 12 "

6 screw and roller castings complete with bolts and lever; 114

bolts i-ins. in diameter ; 7; U. II. hexagonalnut and 2 cast washers

each.

With this arrangement the progress made per day varied

fmin -2 lin. ft. to 3 lin. ft. of lining complete. Hy work com-

plete is meant the entire lining, including stone packing between

the brirk\v..rk and the rock. On Feb. 23, 1900, 363 ft. of lin-

ing had been completed, at a cost of #33..">0 p-r lin. ft. This

r..st includes the cost of removing the old timl)er, the loose rock

above it, and all other work whatsoever.
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CHAPTER XXIV.

THE VENTILATION AND LIGHTING OF TUN-
NELS DURING CONSTRUCTION.

VENTILATION.

IN long tunnels, especially when excavated in hard rock,

proper ventilation is of great importance, because the air cannot

be easily renewed, and the amount of oxygen consumed by

miners' horses and lamps during construction is very large.

The gases produced by blasting also tend to fill the head of ex-

cavation with foul air. Pure atmospheric air contains about

21 % of oxygen and only 0.04 % of carbonic acid ;
when the

latter gas reaches 0.1 %, the fact is indicated by the bad odor;

at 0.3
ffo

the air is considered foul, and when it reaches 0.5 % it

is dangerous. It is generally admitted that the standard of

purity of the air is when it contains 0.08 / of carbonic acid.

A large quantity of carbonic acid in the air is easily detected

by observing the lamps, which then give out a dim red light

and smoke perceptibly ;
the workmen also suffer from headache

and pains in the eyes, and breathe with difficulty. Naturally,

miners cannot easily work in foul air and, therefore, make very

slow progress. It is, therefore, to the interest of the engineer to

afford good ventilation, not only because of his duty to care for

the safety and health of his men, but also for reasons of econ-

omy, so that the men may work with the greatest possible ease,

thus assuring the rapid progress of the work.

It would be impossible to change completely the atmosphere

inside a tunnel, as the gases developed from blasting will pene-

trate into all the cavities and gather there, but the fresh air
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carried inside by ventilation has a very small percentage of car-

bonic acid, mixes with that which contains a greater quantity,

and dilutes it until the air reaches the standard of purity. We
have not here considered the gases developed from the decom-

position of carboniferous and sulphuric rocks, which may be

met with in some tunnels, and which render ventilation still

more necessary. Tunnels may be ventilated either by natu-

ral or artificial means.

Natural Ventilation. It is well known that if two rooms of

different temperatures are put in communication with each

other, e.g., by opening a door, a draft from the colder room will

enter the other from the bottom, and a similar draft at the top,

but with a contrary direction, will carry the hot air into the

colder room, thus producing perfect ventilation, until the two

mmns have the same temperature. Now, during the construc-

tion of tunnels the temperature inside may be considered as

constant, or independent of the outside atmospheric variations;

hence during summer and winter, there will always be a draft

affording ventilation, owing to the difference of temperature in-

side and outside the tunnel. In winter time the cold air out-

side will enter at the bottom of the entrances and headings, or

along the sides of the shafts, and the hot air will jwss out near

the top of the headings or'nt ranees or the center of the shafts;

in summer the air currents will take the contrary direction.

Natural ventilation in tunnels is improved when the exca-

vation of the heading reaches a shaft, because the interior air

can then communicate with the exterior at two joints, at dif-

ferent levels. In such cases a force equal to the difference in

weight between a column of air in the shaft and a similar one

of different density at the entrance of the tunnel, will act upon
the mass of air in the tunnel and keep it in movement, thus

producing ventilation. ( 'oiise<|iiently, during winter, \\hen the

outside air has greater weight than that inside, the air will

come in by the headings and go out by the shaft, and in the

summer it will enter at the shaft and pass out at the entrance.
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Sometimes to afford better ventilation shafts 8 or 12 in. in di-

ameter are sunk exclusively for the purpose of changing the

air. When the inside temperature is equal to that outside,

as often happens during the spring and autumn, there are no

drafts, and consequently the air in the excavation is not re-

newed and becomes foul
; then fires are lighted under the

shaft and a draft is artificially produced. The hot air going
out through the shaft, as through a chimney, allows the fresh

air to come in as in ordinary ventilation.

When the head of the excavation is very far from the en-

trances, or when the mountain is too high to allow excavation

by shafts, it is quite impossible to secure good natural ventila-

tion, especially during the spring and autumn months, and the

engineer has to resort to some artificial means by which to

supply fresh air to the workmen.

Artificial Ventilation. Artificial ventilation in tunnels may
be obtained in two different ways, known as the vacuum and

plenum methods. Their characteristic difference consists in

this, that in the vacuum method the air is drawn from the in-

side and the vacuum thus produced causes the fresh air from

the outside to rush in, while the plenum method consists in

forcing in the fresh air which dilutes the carbonic air produced
inside the tunnel by workingmen and explosives. In the vac-

uum method the pressure of the atmosphere inside the tunnel is

always less than the pressure outside, while in the plenum
method the pressure within is always greater than that outside.

Ventilation is the result of this difference of pressure, as the

tendency of the air toward equilibrium produces continuous

drafts. Both these methods have their advantages and disad-

vantages ; but in the presence of hard rock, when explosives are

continually required, the vacuum method is considered the best,

because the gases attracted to the exhaust pipes are expelled

without passing through the whole length of the tunnel, thus

avoiding the trouble that a draft of foul air will give to the

workmen who are within the tunnel. In both these methods it
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is necessary t > sepanite the fresh air from the foul one ; and this

is done by means of pipes which will exhaust and expel the

foul air in the vacuum method, or force to the front a current

of fresh air when the plenum method is used. Artificial venti-

lation may also be obtained by compressed air which is set free

after it has driven the machines, especially in tunnels excavated

through rock, when rock drilling machines moved by com-

pressed air are employed.

Vacuum Method Contrivances. The most common of the vac-

uum appliances consists in the simple arrangement of a pipe

leading from the head of the tunnel out through the fire of a

furnace. The air in the pipe is rarefied by the heat of the fur-

nace and then set free from the other end of the pipe, thus

creating a partial vacuum in the pipe, into which the foul air of

the head rushes, the fresh air from the entrance taking its place,

and thus ventilating the tunnel. A similar arrangement may
be used with shafts, and the foul air may be driven out by a

furnace which is placed either at the top or bottom of the shaft.

Such furnaces act the same as those commonly used for heating

purposes in the houses, with this difference, that, instead of fresh

air being forced in, foul air is expelled. Another simple

arrangement for producing a vacuum is by means of a steam

jet which is thrown into the pipe, and which helps the expul-

sion of the air by heating it, thus producing a different density

which originates a draft besides that mechanically originated l>y

the force of the steam jet, which tends to carry out the foul air

of the pipes.

Foul air may also be expelled by means of exhaust fans

which are connected with pipes near the entrance of the tunnel.

The fan consists of a box containing a kind of a
i
Middle wheel

turned by steam or water power and arranged so as to revolve

at a high sjM-ed. The air inside the pipe is forced out by
blades attached to the wheel, and thus the foul air of the front

is driven away and fresh air from the entrance rushes in to tike

its place, and perfect ventilation is obtained.
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The best manner of expelling foul air from tunnels, accord-

ing to the vacuum method, is by means of bell exhausters.

This consists of two sets of bells connected by an oscillating

beam and balancing each other. Eacli set consists of a movable

bell, which covers and surrounds a fixed bell with a water joint.

In the central part of the fixed bell there are valves which open

upwards, and on the bottom of each movable bell there are

valves which open from the outside. When one bell ascends,

the valves at the bottom are closed, the air beneath is then

rarefied, and a vacuum is produced ; the valves in the central

part of the fixed bell filled with water are opened, arid there is

an aspiratory action from the pipe leading to the headings, and

the foul air is thus carried away. The apparatus makes about

ten oscillations per minute, and the dimensions of the bells

depend upon the quantity of air to be exhausted in a minute.

In the St. Gothard tunnel, where these bell exhausters were

used, they exhausted 16,500 cu. ft. of air per minute.

Plenum Method Contrivances. Fresh air may be driven into

tunnels to dilute the carbonic acid by two different ways, viz.,

by water blast and by fans. Water when running at a great

velocity produces a movement in the air which may be some-

times usefully and economically employed for ventilating

tunnels. Water falling vertically is let run into a large

horizontal zinc pipe having a funnel at the outer end ; into this

the air attracted by the velocity of the water is forced. - By an

opening at the bottom the water is afterward withdrawn from

the pipe, and there remains only the air which is pushed for-

ward by the air which is being continually sucked in by the

velocity of the water.

The best and most common means of ventilation by the

plenum method is by fans. There are numerous varieties of

these fans in the market, but they all consist of a kind of fan

wheel which by rapid revolution forces the fresh air into the

pipe leading to the headings of the tunnel or to the working

places. Instead of a large single fan, such as is used for min-
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ing purposes, it is better to have a number of small fans acting

independently of each other, conveying the fresh air where it is

needed through independent pipes.

Compressed Air. In the excavation of tunnels in hard rock

a number of rock drilling machines are employed which are

moved by compressed air at a pressure of not less than fhe

atmospheres. At each stroke about 100 cu. ins. of compreaieU

air is set free, and at an average of 10 strokes per minute there

would be 5,000 cu. ins. of air at five atmospheres or 25,000

cu. ins., or a little more than 175 cu. ft. of fresh air at normal

pressure set free every minute by each of the machines employed.
But the air exhausted from the drilling machine is foul.

Regarding ventilation by compressed air, Mr. Adolph Sutro,

in a lecture delivered to the mining students of the- I'niversity

of California, said :

"I will note a curious fact which I have never seen explained, and which is

worthy of close investigation by means of experiments. In the Sutro tunnel we
found that the compressed air used for driving the machine drills, after havim: l>ccn

compressed and expanded and discharged from the drills, was not wholesome t<>

breathe, and the men and mules would all crowd around the end of the blower pi|H>

to get fresh uir. Whether the air in being compressed has parted with some of its

oxygen or because vitiated from some other cause. I do not know, and I hope that

this subject will at some future day be carefully examined into."

In the Deceml>er, 1901, number of the "CWy /<**></ .1 >'/." a

in ;iLr:i/ine especially devoted to the useful application of com-

pressed air, is read :

Compressed air wasted from power drills is so contaminated with oil from
the exlinders that it cannot be taken into consideration as ventilation. It is OH

important to displace it with pure air as it is to drive out or draw off other vitiated

air. The ventilation should be an independent supply provident by fan or blower,
delivering by pi|>c at the point where miners are working.

Quantity of Air. The quantity of air to be introduced into

tunnels must be in proportion to the o\\-o;rn c(.ii>umed by the

mm, the animals, and the explosions. It is allowed that the

quantity of air required for breathing pur|M,- ;md explosions is

as follow.- :

1 workman with lamp needs 240 cu. yds. of fresh air in 24 boon.
1 horse " 880 " " ' "

1 Ib. gunpowder 100 " ' "

1 Ib. dynamite 180 ' " "

2070 64
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In a long tunnel excavated through hard rock the number

of workmen all together may be assumed at 400 at each end,

and each workman is supposed to be furnished with a lamp.

No less than ten horses are employed, and the average quantity
of dynamite consumed is 600 Ibs. per day. From the data given
the consumption of air by workmen and lamps would be :

240x400= 96,000 cu. yds. ; the consumption of air by horses

would be 850 x 10= 8,500 cu. yds. ; the consumption of air by

dynamite would be 150 x 600 = 99,000 cu. yds. ; making a total

consumption of air per day of 197,5.00 cu. yds., or about 8,000

cu. yds. per hour.

To obtain good ventilation, then, it will be necessary to

furnish every hour a quantity of fresh air amounting to not less

than 8,000 cu. yds. Since, however, a large quantity of pure
air is expelled with the foul air, it is necessary greatly to in-

crease this quantity.

It may be observed, in closing, that the water having its

particles divided, as in a fog or mist, rapidly precipitates the

gases produced by explosions. Now, when hydraulic machines

are used, there is a hollow ball pierced by holes that are almost

imperceptible, from which the compressed water spreads in very
subtile particles, and this causes the fall of the gases from

explosions. Such a method of precipitating gases is very good,

but does not have the advantage of supplying new oxygen to

replace that consumed by the men, animals, lamps, and ex-

plosions; besides, it has the defect of increasing the quantity of

water to be removed. In tunnels the pipes used either for con-

veying the fresh air or for carrying away the foul air, are of

iron, having a diameter of about 8 in. ; they are fixed along the

side walls about 3 ft. above the inverted arch.
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LIGHTING.

The object and necessity of a perfect lighting of the tunnel-

workings during construction are so obvious that they need not

be enlarged upon. Comparatively few tunnels require lighting

after completion ;
and these are generally tunnels for passenger

tnttlic under city streets, of which the Boston Subway is a rep-

resentative American example. Considering the methods of

lighting tunnels during construction, we may, for sake of con-

venience, chiefly, divide the means of supplying light into (1)

lain}** and lanterns usually burning oil ; (2) coal-gas lighting;

(3) acetylene gas lighting; and (4) electric lighting.

Lamps and Lanterns. Lamps and lanterns are commonly

employt-d by engineers for making surveys inside the tunnel, and

to light the instrument For ranging in the center line, a con-

venient form of lamp consists of an oil light inclosed in glass

chimney covered with sheet metal, except for a slit at the fnnit

and l>ack through which the light shines, and on which the

observer sights his instrument. To direct the operations of his

rodmen the engineer usually employs a lantern, either with

white or colored glass, much like the ordinary railway train-

man's lantern, which he swings according to some prearranged

code of signals.

Lamps and lanterns are used by the workmen both for sig-

naling and for lighting the woi kings. For signaling purposes

red lanterns are usually placed to denote the presence of unex-

ploded blasts or other points of possible danger; and colored or

\\liite lights are usually placed on the fr<>nt and rear of spoil

and material trains. For lighting purposes, two forms of lamps

are employed, which may l>e somewhat crudely designated as

lamps for individual use and lamps for general lighting. Indi-

vidual lamps are usually of small size, and burn oil; they may
l>e carried in front of the miner's helmet, or be fixed to stand-

ards, which can be set up close to the work being done by each
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man. Miners' safety lamps should be employed where there is

danger from gas. A great variety of lamps for mining and

tunneling purposes are on the market, for descriptions of

which the reader is referred to the catalogues of their manu-

facture rs.

Lamps for general lighting are always of larger size than

lamps for individual use. A common form consists of a cyl-

inder ten or twelve inches in diameter, provided with a hook or

bail for suspension, and filled with benzine, gasolene, or other

similar oil. Connected with this cylinder is a pipe of con-

siderable length and small diameter through which the benzine

or gasolene vapor runs, and burns when lighted with a brilliant

flame. Lamps of this type burning gasolene were extensively

employed in building the Croton Aqueduct Tunnel. Various

patented forms of lamps for burning coal-oil products are on

the market, for descriptions of which the manufacturers' cata-

logues may be consulted.

Coal-gas Lighting. A common method of lighting tunnel

workings is by piping coal-gas into the headings and drifts from

some nearby permanent gas plant, or from a special gas works

constructed especially for the work. Gas lighting has the great

advantage over lamps and lanterns of giving a light which is

more brilliant and steady. Its great objection is the danger of

explosion caused by leaks in the pipes, by breaks caused by

flying fragments of rock, and by the carelessness of workmen
who neglect to turn off completely the burners when they ex-

tinguish the lights. In nearly every tunnel where gas has been

used for lighting, the records of the work show the occurrence

of accidents which have sometimes been very serious, partic-

ularly when fire has been communicated to the tunnel tim-

bering.

Acetylene Gas Lighting. The comparatively recent devel-

opment of acetylene gas manufactured from carbide of calcium

has given little opportunity for its use in tunnel lighting, and

the only instance of its use in the United States, so far as the
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author knows, is the water-works tunnel conduit for the city of

Washington, D.C. Col. A. M. Miller, U.S. Engineer Corps,
who is in charge of this work, desciihes the method adopted in

his annual report for 1899 as follows :

"It had been the practice to do all work underground by the light of

miners 1

lamp- and torches. This means of illumination is very poor for me-

chanical work. Tin- fumes and smoke from blasting, added to the smoke from

torches and lamps, render the atmosphere underground, especially when the

barometer conditions were unfavorable to ventilation, very offensive and dis-

comforting to the workmen. An investigation of the subject of lighting the

tunnel by other means, more especially at the locality where the mechanics

were at work, brick and stone masons, and the workmen on the iron lining,

resulted in the selection of acetylene gas as the most available and economi-

cal in this special emergency. Accordingly, an acetylene gas plant for 300

burners was erected at Champlain-Avenue shaft, and one for 60 lights at Foun-

dry Branch. The engine-houses at the shafts, the head-houses, and localities

in the tunnel, when required, are lighted by these plants.

Gas pipes were carried down the Chainplain-Avenue shaft and along the

tunnel both in an easterly and westerly direction, with cocks for burners at

proper intervals every 30 feet
;
and this system sufficed for illumination from

K(M k ('reck to Harvard University, a distance of over two miles. The plant

erected at Foundry Branch was in like manner utilized for the illumination

from that point in both directions.

" By connecting with the stopcocks by means of a rubber hose, a movable

light, chandelier, or 'Christmas-tree' of any required number of burners is

used, thus concentrating the light in the immediate vicinity of the work, and

also enabling the illumination to be carried into the cavities or 'crow-nests,' so

called, behind the defective old lining.
" This method of illuminating has proved very satisfactory and quite eco-

nomical. It is especially valuable as enabling good work to be done, and

facilitating a thorough inspection of the same."

Electric Lighting. By far the most perfect, and at present

the most commonly employed means for lighting tunnel work-

ings is electricity. The light furnished by electric lamps is

steady and brilliant, and does not consume oxygen or give off

offensive gases. The wires are easily removed and extended,

and tin- lamps are easily put in place and removed. About the

only objection to the method is the fragility of the lamps, which

an easily broken by the flying stones and, the concussion pro-

duced by Masting.
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CHAPTER XXV.

THE COST OF TUNNEL EXCAVATION AND
THE TIME REQUIRED FOR THE WORK.

Cost. THE cost of a tunnel will depend upon the cost of

the two principal operations required in its construction, viz.,

the excavation of the cross section and the lining of the exca-

vation with masonry, metal, or timber. These two operations

may in turn be subdivided, in respect to expense, into cost of

labor and cost of materials. It is a comparatively simple mat-

ter to calculate the cost of the building materials required to

construct a tunnel ; but it is very difficult to estimate with

accuracy what the cost of labor will be. The reason for this is

that it is impossible to foresee exactly what the conditions will

be ; the character of the material may change greatly as the

work proceeds, increasing or decreasing the cost of excavation ;

water may be encountered in quantities which will materially
increase the difficulties of the work, etc. Nevertheless, while

accurate preliminary estimates of cost are not practicable, it is

always desirable to attempt to obtain some idea of the probable

expense of the work before beginning it, and the more usual

means of getting at this point will be discussed here.

Two methods of estimating the cost of tunnel work are em-

ployed. The first is to calculate the probable expense of the

various items of work, based upon the available data, per unit

of length, and then add to this a margin of at least 10% to allow

for contingencies ; the second is to apply to the new work the

unit cost of some previous tunnel built under substantially the

same conditions. In the first method it is usual to consider

the strutting and hauling as constituting a part of the work of
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excavation. To estimate the cost of excavation involves the

consideration of three general items, viz., the excavation proper,

the strutting of the walls of the excavation, and the hauling of

the excavated materials and the materials of construction.

The cost of excavating the preliminary headings or drifts is

greater per unit of material removed than that of excavating
the enlargement of the section. The cost of bottom drifts is

also always greater than that of top headings, the material pene-

trated remaining the same. Mr. Rziha gives the comparative
unit costs of excavating drifts, headings, and enlargement of

the profile as follows :

Bottom drifts $9.20 per cu. yd.

Top headings 4.80 " "

Enlargement of profile 2.84 " " "

The cost of hauling increases with the length of the tunnel.

This fact and amount of this increase are indicated by the

following actual prices for the Arlberg tunnel:

Top heading 96.76 per en. yd., increasing 37 cts. per mile

Bottom drift 7.40 " " " " 20 " " "

Enlargement of profile ... 2 70 " " " " 10 " "

In all the prices given above, the cost of strutting and haul-

ing is included in the cost of excavation.

The cost of excavation is not always the same for the same

character of materials in different tunnels. The following

figures silow the prices paid for the excavation of calcareous

rock in four different German tunnels:

Berliner Nordhausen Wetzler R.R $1.24 per cu. yd.

Ofen l.-TO " " "

Stafflach 2.76 "

Ories 1.02 " * "

The method of tunneling has little influence upon the cost

of the work, as shown by the following figures from tunnel**

excavated through calcareous rock by different methods:
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Ofen tunnel Austrian method $93.19 per lin. ft.

Dorremberg tunnel Belgian method 86.08 " " '

Stafflach tunnel English method 91.69 " " "

The Martha and Merten tunnels, excavated through soft

ground by the Austrian and German methods respectively,

cost $87.95 and $87.55 per lin. ft. respectively. In the exca-

vation of the various sections of the tunnel for the new Croton

Aqueduct in America, the following prices were paid :
-

Excavation of heading $8 to $10.00 per cu. yd.

Tunnel in soft ground 8 to 9.00 " " "

Tunnel in rock 7 to 8.50 " " "

Brick masonry 10.00 " " "

Timber in place 40 per M. ft. B. M.

It is the practice in America to include the work of hauling
under excavation, but not to include the strutting, which is

paid for separately. In some cases only the market price of

the timber is paid for separately, the cost of setting up being
included in the price of excavation. The writer prefers the

European practice of including the total cost of timbering
under excavation, since the two operations are so closely con-

nected, and since the contractor employs the same timber over

and over again. Knowing the dimensions of the several mem-
bers of the strutting, it is a simple, although somewhat tedious,

process to calculate the total quantity required. An idea of

the quantity of timber required for strutting in soft ground
may be had from the data given on page 50. The quantity
will decrease as the cohesion of the material penetrated in-

creases, until it becomes so small in hard rock-tunnels as to cut

very little figure in the total cost.

The cost of hoisting excavated materials through shafts

depends upon the depth from which it is hoisted, and upon the

character of hoisting apparatus employed. The following table,

showing the cost of hoisting for different lifts and by different

methods, is given by Rziha, the cost being in francs per cubic

meter :
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materials, and driven according to tin- various methods which

have been illustrated.

The Halias tunnel through quicksand, between Dax and

Ramoux. France, cost 118.50 per lin. ft. The cost of

the Hoston subway was *:>4:2.40 per lin. ft. The Severn

and .Mersey tunnels, constructed through rock under water,

cost respectively ?:>08.33 and $263 per lin. ft. The First

Thames Tunnel, driven by Brunei's shield, cost $1661.6(5 per
lin. ft. The Hudson River and St. Clair River tunnels, exca-

vated through soft ground by means of shields and compressed

air, cost respectively $305 and $315 per lin. ft. The Black-

wall double-track tunnel under the River Thames, which is

the largest tunnel ever built by the shield system, cost $400

per lin. ft.

In making estimates of the cost of projected tunnel work

based on the cost of tunnels previously constructed through
similar materials, it is important to keep in mind the date and

location of the work used as the basis for calculations. For

example, a tunnel excavated in Italy, where labor is very cheap.

will cost less than one excavated in America, where labor is

dear, all other conditions being the same. Other reasons for

variation in cost due to difference of date and location of con-

struction will suggest themselves, and should be taken into full

consideration in estimating the cost of the new work.

Time. The time required to excavate a tunnel depends

ujHtn the character of the material penetrated and upon the

method of work adopted. Tunnels driven through soft ground
l>v hand require about the same time to construct as tunnels

driven through hard rock by the aid of machinery. Tunnels

can be driven through hard rook at about as great a speed as

through soft or fissured rock, chiefly U-cause the work of

blasting is more efficient in hard rock, and localise no time

is required in timlHM-inij. The following table shows the

average rate of progress in different parts of the tunnel excava-

tion through both hard and soft materials in feet per month:
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The avenige monthly progress in feet of excavating tunnels

through treacherous ground may be quite generally assumed

to be for: (1) clay of the first variety from 43.4 ft. to 60 ft ;

for clay of the second variety from 33.4 ft. to 43.4 ft. ; for clay

of the third variety from 23.3 ft. to 33.4 ft, and for quicksand
from 30 ft. to 50 ft The monthly progress in feet made in

sinking the shafts of the Hoosac and Musconeteong tunnels in

America was as follows :

NAME OF TUNNEL.
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ADDENDA. Important.
T5l I1CC this book went to press, a new, ab-

solutely safe and powerful explosive has been

invented and put upon the market. The ma-
terial gives a flame less explosion, and there-

fore can be used in gaseous and dusty mines,

without danger of igniting either gas or dust.

This Explosive is only exploded by means of a

strong cap or electric exploder, and can be

handled, stored and transported with abso-

lute safety, and without danger of being ex-

ploded by jar, shock, concussion or fire.

The fumes from its explosion are neither harm-
ful nor disagreeable. It is therefore excellent

for tunnel and mining work. It does not have

to be thawed, flasurite is its name.
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practice ;

with an appendix containing useful formulae and rules for

engineers. Illustrated. Fourth Edition. 12mo, cloth $1.00

BADT, F. B. New Dynamo Tenders Hand-Book.
With 140 illustrations. 18mo, cloth $1.00

Bell Hangers' Hand-Book. With 97 illustrations.
Second Edition. 18mo, cloth $1.00

BADT. F. B. Incandescent Wiring Hand-Book. With
35 illustrations and five tables. Fifth Edition. 18mo, cloth,...$1.00

Electric Transmission Hand-Book. With 22 Il-
lustrations and 27 Tables. 18mo, cloth $1.00
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BAKER, M. N. Potable Water and Methods of De-
tecting Impurities. 16mo. ( Van Afostrand 's Science Series. ).. .50

BALCH, COL. GEO. T. Methods of Teaching Patriot-
ism in the Public Schools. 8vo, cloth $1 . 00

BALE, M. P. Pumps and Pumping. A Hand Book for

Pump Users. 12mo, cloth $1.50

BARBA, J. The Use of Steel for Constructive Purposes.
Method of Working, Applying, and Testing Plates and Bars. With a

Preface by A. L. Holley, C.E. l'2mo, cloth $1.50

BARKER, ARTHUR H. Graphic Methods of Engine
Design. Including a Graphical Treatment of the Balancing of

Engines. 12mo, cloth $1.50

BARNARD, F. A. P. Report on Machinery and Pro-
cesses of the Industrial Arts and Apparatus of the Exact Sciences at

the Paris Universal Exposition, 1867. 152 illustrations and 8 folding

plates. 8vo, cloth $5.00

BARN A.RD, JOHN H. The Naval Militiaman's Guide.
Full leather, pocket form $1.25

BARRUS, GEO. H. Boiler Tests: Embracing the re-
sults of one hundred and thirty seven evaporative tests, made on sev-

enty-one boilers, conducted by the author. 8vo, cloth $3.00

Engine Tests
; embracing the results of over one

hundred feed-water tests and other investigations of various kinds of

steam engines, conducted by the author. With numerous figures, ta-

bles and diagrams. 8vo, cloth, illustrated $4.00
The two books sent prepaid for $6.00

BARWISE, SIDNEY, M. D., London. The Purifica-
tion of Sewage. Being a brief account of the Scientific Principles of

Sewage Purification and their Practical Application. 12mo, cloth.

Illustrated $2.00

The Bacterial Purification of Sewage. Being a
Practical Account of the various Modern Biological Methods of Puri-

fying Sewage. With plates and diagrams. 8vo, cloth, illustrated.

, net, $2. 50

BAUMEISTER, R. The Cleaning and Sewerage of
Cities. Adapted from the German with permission of the author.

By J. M. Goodell, C. E. Second edition, revised and corrected,

together with an additional appendix. 8vo, cloth. Illustrated . . $2 00

BEAUMONT, ROBERT. Color in Woven Design.
With 32 colored Plates and numerous original illustrations. Large,
12mo.. ..$7.50
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BEECH, FRANKLIN. Dyeing of Cotton Fabrics. A
Practical Handbook for the Dyer and Student. Containing numerous

recipes for the production on Cotton Fabrics of all kinds, of a great
range of colours, thus making it of great service in the dye house,
while to the student it is of value in that the scientific principles
which underlie the operations of dyeing are clearly laid down. With
44 illustrations of Bleaching and Dyeing Machinery. 8vo, cloth,
illustrated net. $3.00

Dyeing of Woolen Fabrics. With Diagrams
and figures. 8vo, cloth, illustrated, 237 pp net. $3.50

BECKWITH, ARTHUR. Pottery. Observations on
the Materials and Manufacture of Terra-Cotta, Stoneware, Fire-Brick,
Porcelain, Earthenware, Brick, Majolica, and Encaustic Tiles. 8vo,

paper. Second Edition 60

BEGTRUP, JUIjIUS, M. E. The Slide Valve and its
Functions. With Special Reference to Modern Practice in the United
States. With numerous diagrams and figures. 8vo, cloth, illustrated.

$2.00

BERNTHSEN, A. A Text-Book of Organic Chemistry.
Translated by George M'Gowan, Ph.D. Fourth English Edition.
Revised and extended by author and translator. Illustrated. 12mo,
cloth $2.50

BERSCH Dr. JOSEF. Manufacture of Mineral and
Lake Pigments ; containing directions for the manufacture of all

artificial artists' and painters' colours, enamel colours, soot and metallic

pigments. A text book for Manufacturers, Merchants, Artists and
Painters. Translatedfrom the second revised edition by Arthur 0.

Wright, M. A. 8vo, cloth, illustrated net. $5.00

BERTIN, L. E. Marine Boilers: Their Construction
and Working, dealing more especially with Tubulous Boilers. Trans-
lated by Leslie S. Robertson, Assoc. M. lust., C. E., M. L Mech. E.,
M. I. N. A., containing upward of 250 illustrations. Preface by Sir
William White, K. C. B., F. R. 8., Director of Naval Construction to

the Admiralty, and assistant Controller of the Navy. New and
revised edition. 8vo, cloth, illustrated In Press

BIGGS, C. H. W. First Principles of Electricity
and Magnetism. A book for beginners in practical work, containing
a good deal of useful information not usually to be found in similar
books. With numerous tables and 343 diagrams and figures. J2mo,
cloth, illustrated $2.00

BINNS, CHAS. F. Ceramic Technology ; being some
aspects of Technical Science as applied to Pottery Manufacture.
8vo, cloth net, $5.00

Manual of Practical Potting. Compiled by Ex-
perts. Third edition, revised and enlarged. 8vo, cloth, .net, $7.60
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BIRCHMORE, W. H., (Dr.) How to Use a Gas
Analysis. 12mo, cloth, illustrated In Press,

BLAKE, W. P. Report upon the Precious Metals.
Being Statistical Notices of the principal Gold and Silver producing
regions of the world, represented at the Paris Universal Exposition.
8vo, cloth $2.00

BLAKESLEY, T. H. Alternating Currents of Elec-
tricity. For the use of Students and Engineers. Third Edition, en-

larged. 12mo, cloth $1.50

BLYTH, A. W YNTER, M.R.C.S., F.C.S. Foods : their
Composition and Analysis. A Manual for the use of Analytical Chemists,
with an Introductory Essay on the History of Adulterations. With
numerous tables and illustrations. Fifth edition, thoroughly re-

vised enlarged and rewritten. 8vo, cloth $7.50

- Poisons: their Effects and Detection. A Manual
for the use of Analytical Chemists and Experts, with an Introductory
Essay on the growth of Modern Toxicology. Third Edition, revised
and enlarged. 8vo, cloth $7.50

BODMER, G. R. Hydraulic Motors and Turbines
For the use of Engineers, Manufacturers, and Students. Third Edi-

tion, revised and enlarged. With 192 illustrations. 12mo,
cloth $5.00

BOILEATT, J. T. A New and Complete Set of Trav-
erse Tables, Showing the Difference of Latitude and Departure of every
minute of the Quadrant and to five places of decimals. 8vo, cloth. $5. 00

BONNEY, G. E. The Electro-Platers' Hand Book.
A Manual for Amateurs and Young Students on Electro-Metallurgy.
60 Illustrations. 12mo, cloth $1.20

BOTTONE, S. R. Electrical Instrument Making for
Amateurs. A Practical Handbook. With 48 illustrations. Fifth
Edition, revised. 12mo, cloth 50

Electric Bells, and all about them. A Practical
Book for Practical Men. With -more than 100 illustrations. 12mo,
cloth. Fourth Edition, revised and enlarged 50

The Dynamo: How Made and How Used. A
Book for Amateurs. Eighth Edition. 12mo, cloth $1.00

Electro Motors : How Made and How Used. A
Hand Book for Amateurs and Practical Men. Second Edition.

12mo, cloth 75

BOURRY, EMILE. Treatise on Ceramic Industries ;

a Complete Manual for Pottery, Tile and Brick Works. Translated
from the French by Wilton P. Bix. With 323 figures and illustra-

tions. 8vo, cloth, illustrated net, $t>.5()
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BOW, R. H. A Treatise on Bracing. With its applica-
tion to Bridges and other Structures of Wood or Iron. 156 illustra-

tions. 8vo, cloth $1.50

BOWIE, AUG. J., Jun., M. E. A Practical Treatise on
Hydraulic Mining in California. With Description of the Use and
Construction of Ditches, Flumes, Wrpught-iron Pipes and Dams ;

Flow of Water on Heavy Grades, and its
Applicability,

under High
Pressure, to Mining. Fifth Edition. Small quarto, cloth. Illus-

trated $5.00

BOWSER, Prof. E. A. An Elementary Treatise on
Analytic Geometry. Embracing Plane Geometry, and an Intro-

duction to Geometry of three Dimensions. 12mo, cloth. Twenty-
first Edition $1. 75

An Elementary Treatise on the Differential and
Integral Calculus. With numerous examples. 12mo, cloth. Seven-
teenth Edition $2.25

An Elementary Treatise on Analytic Mechanics.
With numerous examples. 12mo, cloth. Sixteenth Edition. .$3.00

An Elementary Treatise on Hydro-Mechanics.
With numerous examples. 12mo, cloth. Fifth Edition $2.50

A Treatise on Roofs and Bridges. With Numerous
Exercises. Especially adapted for school use. 12mo, cloth. I llns-

trated net $2.25

Academic Algebra. Third Edition. 12mo, cloth. ..$1.25

- College Algebra. Fourth Edition. 12mo, cloth $1.75

Elements of Plane and Solid Geometry. 12mo,
cloth. Second Edition $1.40

BRASSET'S Naval Annual for 1903. Edited by
T. A. Brassey. With numerous full page diagrams, half-tone ill us.,

and tables. 8vo, cloth, illustrated net. $6.00

BRAUN, E. The Baker's Book: A Practical Hand-
book of the Baking Industry in all Countries. Profusely illustrated

with diagrams, engravings, and full page colored plates. Trans-
lated into English and edited by Emil Brann. Vo. ll.,8vo, cloth, illus-

trated, 808 pages $2 60
Vol. IL 868 pages, illustrated $2.60

British Standard Sections. Issued by The Engineering
Standards Committee, Supported by The Institution of Civil En-

gineers, The Institution of Mechanical Engineers, The Institution of

Naval Architects, The Iron and Steel Institute, and the Institution of

Electrical Engineers. Comprising nine plates of diagrams, with

letter-press and tables. Oblong pamphlet, 8} x 15 $1.00
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BROWN, WM. N. The Art of Enamelling on Metal.
With figures and illustrations. 12mo, cloth, illustrated. . . .net, $1.00

Handbook on Japanning and Enamelling, for
Cycles, Bedsteads, Tinware, etc. 12mo, cloth, illustrated, .net, $1.50

House Decorating and Painting. -With numerous
illustrations. 12mo, cloth net, $1.50

History of Decorative Art. With Designs and
illustrations. 12mo, cloth net, $..25

Principle and Practice of Dipping, Burnishing,
Lacquering and Bronzing Brass Ware. 12ino, cloth net, $1.00

Workshop Wrinkles for Decorators, Painters,
Paper Hangers and Others. 8vo, cloth net, $1.00

BUCHANAN, E. E. Tables of Squares; containing
the square of every foot, inch and sixteenth of an inch between ona
sixteenth of an inch and fifty feet. For Engineers and Calculators.

16mo, oblong, cloth $1.00

BURGH, N. P. Modern Marine Engineering, applied
to Paddle and Screw Propulsion. Consisting of 36 colored plates, 259

practical woodcut illustrations, and 403 pages of descriptive matter.
The whole being an exposition of the present practice of James Watt
& Co., J. & G. Rennie, R. Napier & Sons, and other celebrated firms.

Thick quarto, half morocco $10.00

BURT, W. A. Key to the Solar Compass, and Survey-
or's Companion. Comprising all the rules necessary for use in the
field

;
also description of the Linear Surveys and Public Land System

of the United States, Notes on the Barometer, Suggestions for an Out-
fit for a Survey of Four Months, etc. /Seventh Edition. Pocket size

full leather $2.50

CAMPIN, FRANCIS. On the Construction of Iron
Roofs. A Theoretical and Practical Treatise, with wood-cuts and
Plates of Roofs recently executed. 8vo, cloth $2.00

CARTER, E. T. Motive Power and Gearing for Elec-
trical Machinery. A Treatise on the Theory and Practice of the
Mechanical Equipment of Power Stations for Electric supply and for

Electric Traction. 8vo, cloth. Illustrated $5.00

CATHCART, PROF. WM. I/EDYARD. Columbia Uni-

versity. Machine Design. Parti. Fastenings. 8vo, cloth, ills., net $3.00

Part II. Transmission Machinery In Press.

The Steam Turbine In Press.

Machine Elements ; Shrinkage and Pressure
Joints In Press.

Stationary Engine Design In Press.
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CATHART, Prof. WM. L. and J. I. CHAFFEE.
Course, of Graphic Statics Applied to Mechanical Engineering.

In Press.

CHAMBER'S MATHEMATICAL TABLES, consist-
ing of logarithms of Numbers 1 to 108,000, Trigonometrical, Nautical
and other tables. New Edition. 8vo, cloth $1.75

CHARPENTIER, PAUL. Timber ; a Comprehensive
Study of Wood in all its Aspects ; Commercial and Botanical. Show-

ing the Different Applications and Uses of Timber in Various Trades,
etc. Translated into English . 8vo, cloth, illustrated. 437 pp.. net, $6.00

CHAUVENET, Prof. W. New Method of Correcting
Lunar Distances, and Improved Method of Finding the Error and
Rate of a Chronometer, by Equal Altitudes. 8vo, cloth $2 00

CHILD, CHAS. T. The How and Why of Electricity.
A Book of information for non-technical readers, treating of the

Properties of Electricity, and how it is generated, handled, controlled,
measured and set to work. Also explaining the operation of Electri-

cal Apparatus. 8vo, cloth, illustrated $1.00

CHRISTIE, W. WALLACE. Chimney Design and
Theory. A Book for Engineers and Architects, with numerous half-

tone illustrations and plates of famous chimneys. Second edition,
revised. 8vo, cloth $3.00

Furnace Draft
;

its Production by Mechanical
Methods. A Handy Reference Book, with figures and tables. 16mo,
limp cloth, illustrated $0.50

Boiler-waters, Scale and Corrosion In Press

CHURCH, JOHN A. Notes of a Metallurgical Journey
in Europe. 8vo, cloth $2.00

CLAPPERTON, GEO. Practical Paper-making ;
a

Manual for Paper-makers and Owners and Managers of Paper Mills,
to which is appended useful tables, calculations, data, etc., with illus-

trations reproduced from micro-photographs. 12mo, cloth, illus-

trated $2.50

CLARK, D. KINNEAR, C.E. A Manual of Rules,
Tables and Data for Mechanical Engineers. Based on the most recent

investigations. Illustrated with numerous diagrams. 1,012 pages.
8vo, cloth, Sixth Edition $5.00
Half morocco $7.50

- Fuel; its Combustion and Economy, consisting of
abridgements of Treatise on the Combustion of Coal. By C. W.
Williams ; and the Economy of Fuel, by T. 8. Prideaux. With
extensive additions in recent

practice in the Combustion and Economy
of Fuel, Coal, Coke, Wood. Peat, Petroleum, etc. Fourth Edition.

12mo, cloth $1.50
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CLARK. D. KINNEAR, C. E. The Mechanical Engi-
neer's Pocket Book of Tables, Formulae, Rules and Data. A Handy
Book of Reference for Daily Use in Engineering Practice. 16mo,
morocco. Fifth edition, carefully revised throughout $3.0

Tramways ; their Construction and Working, Em-
bracing a comprehensive history of the system, with accounts of the
various modes of traction, a description of the varieties of rolling
stock, and ample details of Cost and Working Expenses. Second
Edition. Re-written and greatly enlarged, with upicards of 400
illustrations. Thick 8vo, cloth 89 00

CLARK, JACOB M. A new System of Laying Out
Railway Turn-outs instantly, by inspection from tables. 12mo, cloth.

$1.00

CLAUSEN-THUE, W. The ABC Universal Com-
mercial Electric Telegraphic Code

; specially adapted for the use of

Financiers, Merchants, Ship-owners, Brokers, Agent, etc. Fourth
'

Edition. \ 8vo, cloth. $5.00

Fifth Edition of same $7.00

The Al Universal Commercial Electric Telegraphic
Code. Over 1240 pp., and nearly 90,000 variations. 8vo, cloth.. $7.50

CLEEMANN, THOS. M. The Railroad Engineer's
Practice. Being a Short but Complete Description of the Duties of

the Young Engineer in the Prelimary and Location Surveys and in

Construction. 4th ed., revised and enlarged. Ulus. 12mo, cloth $1.50

CLEVENGER, S. R. A Treatise on the Method of
Government Surveying as prescribed by the U. S. Congress and
Commissioner of the General Land Office, with complete Mathe-
matical, Astronomical and Practical Instructions for the use of the
United States Surveyors in the field. 16mo, morocco $2.50

CLOTJTH, F. Rubber, Gutta-Percha, and Balata.
Translated from the German edition, and thoroughly revised and
brought up-to-date. With engravings and maps. 8vo, cloth, illus-

trated In Press.

COFFIN, Prof. J. H. C, Navigation and Nautical As-
tronomy. Prepared for the use of the U. S. Naval Academy. New
edition. Revised by Commander Charles Belknap. 52 woodcut illus-

trations. 12mo, cloth net, $3.50

COLE, R. S., M. A. A Treatise on Photographic Optics.
Being an account of the Principles of Optics, so far as they apply to

Photography. 12mo, cloth. 103 illustrationsand folding plates . $2. 50

COLLINS, JAS. E. The Private Book of Useful Alloys
and Memoranda for Goldsmiths, Jewelers, etc. 18mo, cloth 50
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COREY. Water Supply Engineering. Fully illus-
trated. 8vo, cloth In Press.

COOPER, W. R., M. A. Primary Batteries ;
their

Construction and Use. With numerouR figures and diagrams. 8vo,

cloth, illustrated net, $4.00

CORNWALL, Prof. H. B. Manual of Blow-pipe An-
alysis, Qualitative and Quantitative. With a Complete System of

Determinative Mineralogy. 8vo, cloth, with many illustrations. .$2. 50

COWELL, W. B. Pure Air, Ozone and Water; a
Practical Treatise of their Utilization and Value in Oil, Grease, Soap,
Paint, Glue and other Industries. With tables and figures. 12mo,
cloth, illustrated net. $2.00

CRAIG, B. F. Weights and Measures. An account of
the Decimal System, with Tables of Conversion for Commercial and
Scientific Uses. Square 32mo, limp cloth 50

CROCKER, F. B. Electric Lighting. A Practical Ex-
position of the Art. For use of Engineers, Students, and others inter-

ested in the Installation or Operation of Electrical Plants. Vol. I.

The Generating Plant Fourth Edition, revised. 8vo, cloth, illus-

trated $3.00

Vol. II. Distributing Systems and Lamps. Second edition. 8vo, ol.,

illustrated $3.00

CROCKER, F. B., and S. S. WHEELER. The Practical
Management of Dynamos and Motors. Fifth Edition, (Eleventh
thousand) revised and enlarged. With a special chapter by H. A.

Foster. 12mo, cloth, illustrated $1.00

DAVIES, E. H. Machinery for Metalliferous Mines.
A Practical Treatise for Mining Engineers, Metallurgists and Man-
agers of Mines. With upwards of 400 illustrations. Second edition,

rewritten and enlarged. 8vo, cloth net $8.00

D. C. A Treatise on Metalliferous Minerals and
Mining. Sirtli ilitinn, thoroughly revised and much enlarged by
his son. 8vo, cloth net, $5.00

MINING MACHINERY... ..In Press.

DAVIS, C., and B. F. BELL. Ferro-Concrete
;

Its
Varieties and Applications in Modern Construction. 8vo, cloth,
illustrated In Press.

DAY, CHARLES. The Indicator and its Diagrams.
With Chapters on Engine and Boiler Testing ; Including a Table of

Piston Constanta compiled by W. H. Fowler. 12mo, cloth. 125
illustrations $2.00
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DENNY, G. A. Deep-level Mines of the Rand, and
their future development, considered from the commercial point of

view. With folding plates, diagrams and tables. 4to, cloth, illus-

trated ". net, $10.00

DERR, W. L. Block Signal Operation. A Practical
Manual. Oblong, cloth. Second Edition $1.50

DIBDIN, W. J. Chemical Technology ; or, Chemistry
in its Application to Arts and Manufactures, with which is incorporated
Richardson and Watts' Chemical Technology. Vol. IV. Electric

Lighting, by A. G. Cooke, M. A. ; Photometry, by W. J. Dibdin.F.
I. C. With tables, diagrams, figures aud plates. 8vo, cloth, illus-

trated, 378 pages net. $3.50

Purification of Sewage and Water. With Tables,
engravings, and folding plates. 8vo, cloth, illustrated $6.50

DIETERICH, KARL. Analysis of Resins, Balsams
and "Gum Resins

;
their Chemistry and Pharmacognosis. For the use

of the Scientific and Technical Research Chemist. With a Bibliog-
raphy. Translated from the German, by Chas. Salter. 8vo, cloth.

net, $3.00

DIXON, D. B. The Machinist's and Steam Engineer's
Practical Calculator. A Compilation of Useful Rules and Problems
arithmetically solved, together with General Information applicable
to Shop-Tools, Mill-Gearing, Pulleys and Shafts, Steam-Boilers and

Engines. Embracing valuable Tables and Instruction in Screw-cutting,
Valve and Link Motion, etc . Third edition. 16mo, full morocco,
pocket form $1.25

DODD, QEO. Dictionary of Manufactures, Mining,
Machinery, and the Industrial Arts. 12mo, cloth $1.50

DORR, B. F. The Surveyor's Guide and Pocket Table
Book. Fifth Edition. Ihoroughly revised and greatly extended.
With a second appendix up to date. 16mo, morocco flaps $2.00

DRAPER, C. H. An Elementary Text Book of Light,
Heat and Sound, with Numerous Examples. Fourth edition. 12mo,
cloth. Illustrated $1.00

- Heat and the Principles of Thermo-Dynamics.
With many illustrations and numerical examples. 12mo, cloth. $1.50

DYSON, S. S. Practical Testing of Raw Materials
;

A Concise Hand-book for Manufacturers, Merchants, and Users of

Chemicals, Oils, Fuels, Gas Residuals, and By-Products, and Paper-
Making Materials, with Chapters on Water Analysis and the Testing
of Trade Effluents. 8vo, cl., ill., 177 pages net. $5.00
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ERFURT, JULIUS. Dyeing of Paper Pulp ;
a practi-

cal treatise for the use of paper-makers, paper-stainers, students and
others. With illustrations and 157 patterns of paper dyed in the pulp,
with formulas for each. Translated into English and edited, with ad-

ditions, by Julius Hiibner, F. C. 8. 8vo, cloth, illustrated, .net. $7.50

Maximum Stresses under Concentrated Loads.
Treated graphically. Illustrated. 8vo, cloth $1.50

EISSLER, M. The Metallurgy of Gold; a Practical
Treatise on the Metallurgical Treatment of Gold-Bearing Ores, in-

cluding the Processes of Concentration and Chlorination, and the

Assaying, Melting and Refining of Gold. Fifth Edition, revised
and greatly enlarged. Over 300 illustrations and numerous fold-

ing plates. 8vo, cloth $7.50

EISSLER, M. The Hydro-Metallurgy of Copper. Being
an account of processes adopted in the Hydro- Metallurgical treatment
of Cupriferous Ores, including the manufacture of Copper Vitriol. With
chapters on the sources of supply of Copper and the Boasting of

Copper Ores. With numerous diagrams and figures. 8?o, cloth,
illustrated net, $4.50

The Metallurgy of Silver; a Practical Treatise on
the Amalgamation, Roasting and Lixivation of Silver Ores, including
the Assaying, Melting and Refining of Silver Bullion. 124 illustra-

tions. Second Edition, enlarged. 8vo, cloth $4.00

- The Metallurgy of Argentiferous Lead ;
a Practical

Treatise on the Smelting of Silver-Lead Ores and the Refining of

Lead Bullion. Including Reports on Various Smelting Establish-
ments and Descriptions of Modern Smelting Furnaces and Plants in

Europe and America. With 183 illustrations. 8vo, cloth $5.00

- Cyanide Process for the Extraction of Gold and its
Practical Application on, the Witwatersrand Qold Fields in South
Africa. Third edition, revised and enlarged. Illustrations and fold-

ing plates. 8vo, cloth $3.00

- A Hand-book on Modern Explosives, being a Prac-
tical Treatise on the Manufacture and use of Dynamite, Gun Cotton,

Nitro-Glycerine and other Explosive Compounds, including the man-
nfactnre of Collodion-cotton, with chapters on explosives in practical

application. Second Edition, enlarged with 150 illustrations.

12mo, cloth $5.00

ELIOT, C. W., and STORER, F. H. A Compendious
Mumml of Qualitative Chemical Analysis. Revised with the co-oper-
ation of the authors, by Prof. William K. Nichols. Illustrated.

Twentieth E<lition, newly revised by Prof. W. li. Lindsay.
12mo, cloth net $1.25

ELLIOT, Maj. GEO. H. European Light-House Sys-
tems. Being a Report of a Tour of Inspection made in 1873. 51

engravings and 21 woodcuts. 8vo, cloth $5.00
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EDDY, Prof. H. T. Researches in Graphical Statics.
Embracing New Constructions in Graphical Statics, a New General
Method in Graphical Statics, and the Theory of Internal Stress in

Graphical Statics. 8vo, cloth $1.50

EVERETT, J. D. Elementary Text-Book of Physics.
Hhistrated. Seventh Edition. 12mo, cloth $1.50

EWING, Prof. A. J. The Magnetic Induction in Iron
and other metals. Third edition, revised. 159 illustrations. 8vo,
cloth $4 00

FAIRIE, JAMES, F. G. S. Notes on Lead Ores ; their
Distribution and Properties. 12mo, cloth $1.00

Notes on Pottery Clays ; the Distribution, proper-
ties, Uses and Analysis of Ball Clays, China Clays and China Stone.
With tables and formulae. 12mo, cloth $1.50

FANNING, J. T. A Practical Treatise on Hydraulic
and Water-Supply Engineering. Relating to the Hydrology, Hydro-
dynamics, and Practical Construction of Water-Works in North
America. 180 illustrations. 8vo, cloth. fifteenth Edition, re-

vised, enlarged, and new tables and illustrations added. 650

pages $5.00

FAY, I. W. The Coal-tar Colors; Origin and Chem_
istry. 8vo, cloth, illustrated In Press"

FISH, J. C. li. Lettering of Working Drawings. Thir-
teen plates, with descriptive text. Oblong, 9x12 J, boards ..$1.00

FISHER, H. K. C. and DARBY, W. C. Students'
Guide to Submarine Cable Testing. Third (new and enlarged) edi-

tion. 8vo, cloth, illustrated $3.50

FISHER, W. C. The Potentiometer and its Adjuncts.
8vo, cloth $2.25

FISKE, Lieut. BRADLEY A., TJ.S.N. Electricity in
Theory and Practice; or, The Elements of Electrical Engineering.

Eighth Edition. 8vo, cloth $2.50

FLEISCHMANN, W. The Book ofthe Dairy. A Man-
ual of the Science and Practice of Dairy Work. Translated from the

German, by C. M. Aikman and R. Patrick Wright. 8vo, cloth... $4. 00

FLEMING, Prof. J. A. The Alternate Current Trans-
former in Theory and Practice. Vol. I The Induction of Electric

Currents; 611 pages. New edition. Illustrated. 8vo, cloth. . .$5.00
Vol. 2, The Utilization of Induced Currents. Illustrated. 8vo,
cloth $5.00

Centenary of the Electrical Current, 1799-1899.
8vo, paper, illustrated 5()
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FLEMING. Prof. J. A. Electric Lamps and Electric
Lighting. Being a course of four lectures delivered at the U< > val In-

stitution, April-May, 1894. 8vo, cloth, fully illustrated $3.00

- Electrical Laboratory Notes and Forms, Elemen-
tary and advanced. 4to, cloth, illustrated $5.00

A Handbook for the Electrical Laboratory and
Testing Room. 2 volumes. 8vo, cloth each $5.00

FLEURY, HENRY. The Calculus Without Limits
or Infinitesmals. Translated by C. O. Mailloux In Press.

FOLEY, NELSON and THOS. PRAY, Jr. The
Mechanical Engineers' Reference Book for Machine and Boiler Con-

struction, in two parts. Part 1 General Engineering Data. Part 2

Boiler Construction. With fifty-one plates and numerous illustra-

tions, specially drawn for this work. Folio, half morocco $25.00

FORNEY, MATTHIAS N. Catechism of the Locomo-
tive. Second Edition, revised and enlarged Forty-sixth thousand.

8vo, cloth $3.50

FOSTER, Gen. J. G., U.S.A. Submarine Blasting in
Boston Harbor, Massachusetts. Removal of Tower and Corwin
Rocks. Illustrated with 7 plates. 4to, cloth $3.50

FOSTER, H. A. Electrical Engineers' Pocket Book.
With the Collaboration of Eminent Specialists. A handbook of use-

ful data for Electricians and Electrical Engineers. With innumerable

tables, diagrams and figures. Second edition, revised. Pocket size,

full leather, 1000 pages $5.00

FOSTER, JAMES. Treatise on the Evaporation of
Saccharine, Chemical and other Liquids by the Multiple System in

Vacuum and Open Air. Third Edition. Diagrams and large

plates. 8vo, cloth $7.50

FOX, WM., and C. W. THOMAS, M. E. A Practical
Course in Mechanical Drawing. Second edition, revised. 12mo,
cloth with plates $1.25

FRANCIS, Jas. B., C.E. Lowell Hydraulic Experi-
ments. Being a selection from experiments on Hydraulic Motors,
on the Flow of Water over Weirs, in open Canals of uniform rec-

tangular section, and through submerged Orifices and diverging
Tubes. Made at Lowell, Mass. Fourth edition, revised and
enlarged, with many new experiments, and illustrated with 23

copper-plate engravings. 4to, cloth $15.00

FULLER, GEORGE W. Report on the Investigations
into the Purification of the Ohio River Water at Louisville, Ken-

tucky, made to the President and Directors of the Louisville Water
Company. Published under agreement with the Directors. 3 full

page plates. 4to, cloth. net, $10.00
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FTTRNELL, JOHN. Students' Manual of Paints,
Colors, Oils and Varnishes. 8vo, cloth, illustrated......... In

GARCKE, EMILE, and J. M. FELLS. Factory Ac-
counts

;
their principles and practice. A handbook for accountants and

manufacturers, with appendices on the nomenclature of machine de-

tails, the rating of factories, fire and boiler insurance, the factory and
workshop acts, etc., including also a large number of specimen rul-

ings. Fifth edition, revised and extended. 8vo, cloth, illus... $3.00

GEIPEL, WM. and KILGOTJR, M. H. A Pocketbook
of Electrical Engineering Formulae. Illustrated. 18mo, mor. .$3.00

GERBER, NICHOLAS. Chemical and Physical An-
alysis of Milk, Condensed Milk and Infant's Milk-Food. 8vo,
cloth ....................................................... $1.25

GERHARD, WM. P. Sanitary Engineering. 12mo,
cloth ...................................................... $1.25

GESCHWIND, LUCIEN. Manufacture of Alum and
Sulphates, and other Salts of Alumnia and Iron

;
their uses and ap-

plications as mordants in dyeing and calico printing, and their other

applications in the Arts, Manufactures, Sanitary Engineering, Agri-
culture and Horticulture. Translated from the French by Charles Sal-

ter. With tables, figures and diagrams. 8vo, cloth, illus.. .net. $5.00

GIBBS, WILLIAM E. Lighting by Acetylene, Gen-
erators, Burners and Electric Furnaces. With 66 illustrations, (sec-

ond edition revised. 12mo, cloth............................. $1.50

GILLMORE, Gen. Q. A. Treatise on Limes, Hyraulic
Cements, and Mortars. Papers on Practical Engineering, United
States Engineer Department, No. 9, containing Reports of numerous
Experiments conducted in New York City during the years 1858 to

1861, inclusive. With numerous illustrations. 8vo, cloth...... $4.00- Practical Treatise on the Construction of Roads,
Streets, and Pavements. Tenth Edition. With 70 illustrations.

12mo, cloth................................................. $2.00

- Report on Strength of the Building Stones in the
United States, etc. 8vo, illustrated, cloth ...................... $1.00

GOLDING, HENRY A. The Theta-Phi Diagram.
Practically applied to Steam, Gas, Oil and Air Engines. 12mo, cloth.

Illustrated.............................................. net, $1.25

GOODEVE, T. M. A Text-Book on the Steam-Engine.
With a Supplement on Gas-Engines. Twelfth Edition, enlarged.
143 illustrations. 12mo, cloth _____ ....................... -. . .$2.00

GORE, G., F. R. S. The Art of Electrolytic Separa-
tion of Metals, etc. (Theoretical and Practical.) Illustrated. 8vo,
cloth ....................................................... $3.50
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GOULD, E. SHERMAN. The Arithmetic of the Steam
Engine. 8vo, cloth $1.00

- Practical Hydrostatics and Hydrostatic Formu-
lae. With numerous figures and diagrams ( Van A'oxtrand'x Science

Series, No. 117.) 16mo, cloth, illus., 114 pages $0.50

GRAY, JOHN B.Sc. Electrical Influence Machines;
their Historical Developement, and Modern Forms, with instructions
for making them. With numerous figures and diagrams. Second
edition, revised and enlarged. 12mo, cloth, illustrated, 296 pp.. 2.00

GRIFFITHS, A. B., Ph.D. A Treatise on Manures,
or the Philosophy of Manuring. A Practical Hand-Book for the

Agriculturist, Manufacturer, and Student. 12mo, cloth $3.00

- Dental Metallurgy ;
A Manual for Students and

Dentists. 8vo, cloth, illustrated, 208 pages net, $3.50

GROSS, EMANUEL. Hops, in their Botanical, Agri-
cultural and Technical Aspect, and as an article of Commerce. Trans-
lated from the German by Charles Salter. With tables, diagrams and
illustrations. 8vo, cloth, illustrated net. $4.50

GROVER, FREDERICK. Practical Treatise on Mod-
ern Gas and Oil Engines. 8vo, cloth. Illustrated $2.00

GRUNER, ANTON. Power-loom Weaving and Yarn
Numbering, according to various systems, with conversion tables. An
auxiliary and text-book for pupils of weaving schools, as well as for
self-instruction, and for general use by those engaged in the weaving
industry. Illustrated with colored diagrams. 8vo, cloth. . .net. $3.00

GURDEN, RICHARD LLOYD. Traverse Tables:
computed to 4 places Decimals for every of angle up to 100 of Dis-
tance. For the use of Surveyors and Engineers. New Edition.

Folio, half morocco $7.50

GUY, ARTHUR F. Electric Light and Power, giving
the Result of Practical Experience in Central-Station Work. 8vo,
cloth. Illustrated $2.50

GUY, A. E. Experiments on the Flexure of Beams,
resulting in the Discovery of New Laws of Failure by Buckling.
Reprinted from the "American Machinist." With diagrams and
folding plates. 8vo, cloth, illustrated, 122 pages net. $1.25

Postage, .10

HAEDER, HERMAN, C. E. A Handbook on the Steam
Engine. With especial reference to small and medium sized engines.
For the use of Engine Makers, Mechanical Draughtsmen, Engineer-
ing Students and Users of Steam Power. Translated from the Ger-

man, with considerable additions and alterations, by H. H. P. Powles.
Third English edition, reviled. 8vo, cloth, illus., 458 pages. . .$8.00
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HALL, WM. S. Prof. Elements of the Differential
and Integral Calculus. Fourth edition, revised. 8vo, cloth. Illus-

trated net, $2.25

Descriptive Geometry, -with numerous Problems
and Practical Applications. Comprising an 8vo volume of 76 pages
of text and a 4to atlas of 31 plates. 2 vols., cl net. $3.50

Postage. .32

HALSEY, F. A. Slide Valve Gears, an Explanation
of the action and Construction of Plain and Cut-off Slide Valves.

Illustrated. 12mo, cloth. Seventh Edition $1.50

The Use of the Slide Rule. With illustrations and
folding plates. Second edition. 16mo, boards. ( Van Nostrand's
Science Series, No. 114.) $0.50

- The Locomotive Link Motion, with Diagrams and
Tables. 8vo. cloth, illustrated $1.00

Worm and Spiral Gearing. Revised and enlarged edition.

16mo, cloth (Van Nostrand's Science Series, No. 116). Illust'd . . $0.50

The Metric Fallacy, and " The Metric Failure in
the Textile Industry," by Samuel S. Dale. 8vo, cl., illustrated $1.00

HAMILTON, W. G. Useful Information for Railway
Men. Tenth Edition, revised and enlarged. 562 pages, pocket
form. Morocco, gilt . $2.00

HAMMER, W. J. Radium, and other Radio-active
Substances ; Polonium, Actinium and Thorium. With a considera-

tion of Phosphorescent and Fluorescent Substances, the Properties
and Applications of Selenium, and the treatment of disease by the

Ultra-Violet Light. With diagrams, engravings and Photographic
plates. 8vo, clotb, illustrated, 72 pp $1.00

HANCOCK, HERBERT. Text-Book of Mechanics and
Hydrostatics, with over 500 diagrams. 8vo, cloth $1.75

HARRISON, W. B. The Mechanics' 109! Book.
With Practical Rules and Suggestions for use of Machinists, Iron-

Workers, and others. Illustrated with 44 engravings. 12mo,
cloth, $1 .50

HART, JOHN W. External Plumbing Work
;
a

Treatise on Lead Work for Roofs. With numerous figures and dia-

grams. 8vo, cloth, illustrated. . : net, $3.00

Hints to Plumbers on Joint Wiping, Pipe Bend-
ing and Lead Burning. Containing 184 figures and diagrams. 8vo,

cloth, illustrated net, $3.00

Principles of Hot Water Supply. With numerous
illustrations. 8vo, cloth net, $3.00
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HASKINS, C. H. The Galvanometer and its Uses.
A Manual for Electricians and Students. Fourth edition. 12mo,
cloth f1.60

HATJFF, W. A. American Multiplier ; Multiplications
and Divisions of the largest numbers rapidly performed. With index

giving the results instantly of all numbers to 1000 x 1000 = 1,000,000 ;

also tables of circumferences and areas of circles. Cloth, 6} x 15}.

$5.00

HAUSBRAND, E. Drying by Means of Air and
Steam. With explanations, formulas and tables, for use in practice.
Translated from the German by A. C. Wright, M. A. 12mo, cloth,
illustrated $2.00

Evaporating, Condensing and Cooling Apparatus :

Explanations, Formulae, and Tables for Use in Practice. Translated
from the Second Revised German Edition by A. C. Wright, M. A.
With numerous figures, tables and diagrams. 8vo, cloth, illustrated,
400 pages net. $5.00

HAUSNER, A. Manufacture of Preserved Foods and
Sweetmeats. A Handbook of all the Processes for the Preservation of

Flesh, Fruit, and Vegetables, and for the Preparation of Dried Fruit,
Dried Vegetables, Marmalades, Fruit-Syrups, and Fermented Bever-

ages, and of all kinds of Candies, Candied Fruit, Sweetmeat*, Rocks,
Drops, Dragees, Pralines, etc. Translated from the Third Enlarged
German Edition, by Arthur Morris and Herbert Robson, B. So. 8vo,
cloth, illustrated, 223 pages net, $3.00

HAWKE, WILLIAM H. The Premier Cipher Tele-
graphic Code Containing 1(>0,000 Words and Phrases. The most com-

plete and most useful general code yet published. 4to, cloth .$5.00
- 100,000 Words Supplement to the Premier Code.
All the words are selected from the official vocabulary. Oblong
quarto, cloth $5.00

HAWKINS, C. C., and WALLIS, F. The Dynamo;
its Theory, Design and Manufacture. 190 illustrations, 12ino, cloth,

$3.00

HAY, ALFRED. Principles of Alternate - Current
Working. 12mo, cloth, illustrated $2.00

HEAP, Major D. P., U. S. A. Electrical Appliances of
tin- Present Day. Report of the Paris El<'<-tric;il Imposition of 1KHI.
2."0 illustrations. Kvo, cloth $2.00

HEAVISIDE, OLIVER. Electromagnetic Theory.
8vo, cloth, two volumes. each, $.1.00

HEERMANN, PAUL. Dyers' Materials: an intro-
duction t<> tin- Kx:unination, Valuation and Application of the most
important substances used in Dyeing, Printing, liloaching and Fin-

ishing. Translated by Arthur C. Wright, M. A. 12mo, cloth, illus-

trated net, $2.50
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HENRICI, OLAUS. Skeleton Structures, Applied to
the Building of Steel aiid Iron Bridges. 8vo, cl., Illustrated. . .$1.50

HERRMANN, Gustav. The Graphical Statics of
Mechanism. A Guide for the Use of Machinists, Architects, and
Engineers ; and also a Text-book for Technical Schools. Translated
and annotated by A. P. Smith, M. E. 12mo, cloth, 7 folding
plates. Fourth Edition $2.00

HERMANN, FELIX. Painting on Glass and Porce-
lain and Enamel Painting. On the Basis of Personal Practical Ex-
perience of the Condition of the Art up to date. Translated by
Charles Salter. Second greatly enlarged edition. 8vo, cloth.

Illustrated net, $3.50

HERZFELD, DR. J. The Technical Testing of Yarns
and Textile Fabrics, with reference to official specifications. Trans-
lated by Chas. Salter. With 69 illustrations. 8vo, cloth, .net, $3.50

HEWSON,WM. Principles and Practice ofEmbanking
Lands from River Floods, as applied to the Levees of the Mississippi.

8vo, cloth $2.00

HILL., JOHN W. The Purification of Public Water
Supplies. Illustrated with valuable Tables, Diagrams and Cuts.

8vo, cloth, 304 pages $3.00

Interpretation of Water Analysis, l^mo, cloth.

In Press.

HOBBS, W. R. P. The Arithmetic of Electrical Meas-
urements, with numerous examples, fully worked. Revised by
Richard Wormell, M. A. Ninth edition. 12mo, cloth $0.50

HOFF, WM. B., Com. U. S. Navy. The Avoidance of
Collisions at Sea. 18mo, morocco 75

HOLLEY, ALEXANDER L. Railway Practice. Ameri-
can and European Railway practice in the Economical Generation of

Steam, including the Materials and Construction of Coal-burning
Boilers, Combustion, the Variable Blast, Vaporization, Circulation,

Superheating, Supplying and Heating Feed Water, etc., and the

Adaptation of Wood and Coke-burning Engines to Coal-burning ;
and

in Permanent Way, including Road-bed, Sleepers, Rails, Joint Fasten-

ings, Street Railways, etc. With 77 lithographed plates. Folio,
cloth $12.00

HOLMES, A. BROMLEY. The Electric Light Popu-
larly Explained. Fifth Edition. Illustrated. 12mo, paper. . .$0.40

HOPKINS, NEVTL M. Model Engines and Small
Boats. New Methods of Engine and Boiler Making with a chapter on

Elementary Ship Design and Construction. 12mo, cloth $1.25

HOSPITALIER, E. Polyphased Alternating Currents.
Illustrated. 8vo, cloth $1.40
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HOWARD, C. R. Earthwork Mensuration on the Basis
of the Prismoidal Formulae. Containing Simple and Labor-saving
Method of obtaining Prismoidal Contents directly from End Areas.
Illustrated by Examples and accompanied by Plain Rules for Practi-

cal Uses. Illustrated. 8vo, cloth $1.50

HOWORTH, J. Art of Repairing and Riveting Glass,
China and Earthenware. Second edition. 8vo, pamphlet, illus-

trated net, $0.50

HUBBARD, ERNST. The Utilization of Wood-
Waste : a Complete Account of the Most Advantageous Methods of

Working Up Wood Refuse, especially Sawdust, Exhausted Dye
Woods and Tan as Fuel, as a Source of Chemical Products for Arti-

ficial Wood Compositions, Explosives, Manures, and many other Tech-
nical Purposes. Translated from the German of the Second revised
and enlarged edition. 8vo, cloth, illustrated, 192 pages. . .net. $2.50

HUMBER, WILLIAM, C. E. A Handy Book for the
Calculation of Strains in Girders, and Similar Structures, and their

Strength ; Consisting of Formulae and Corresponding Diagrams, with
numerous details for practical application, etc. Fourth Edition.

12mo, cloth $2.50

HURST, GEO. H., F. C. S. Color; a Hand-book of
the Theory of Color. A practical work for the Artist, Art Student,
Painter, Dyer and Calico Printer and Others. Illustrated with 10
colored plates and 72 illustrations. 8vo, cloth net, 82.50

- Dictionary of Chemicals and Raw Products used
in the Manufacture of Paints, Colors, Varnishes and Allied Prepara-
tions. 8vo, cloth net, $3.00
- Lubricating Oils, Fats and Greases ; Their Origin,
Preparation, Properties, Uses and Analysis. 313 pages, with 65 illus-

trations. 8vo, cloth net, $3.00

Soaps; A Practical Manual of the Manufacture of
Domestic, Toilet and other Soaps. Illustrated with 66 Engravings.
8vo, cloth net, $5.00

HUTCHINSON, W. B. Member of the New York Bar.
Patents and How to Make Money out of Them. 12mo, cloth. ..$1.25

HUTTON, W. S. Steam Boiler Construction. A Prac-
tical Hand Book for Engineers, Boiler Makers and Steam Users.

Containing a large collection of rules and data relating to r nt

practice in the design, construction, and working of all kinds of

stationary, locomotive and marine steam-boilers. With upwards of

640 illustrations. Fourth Edition, run j'nfti/ r> vim d and much en-

larged. 8vo, cloth $6.00
- Practical Engineer's Hand-Book, Comprising a
treatise on Modern Engines and Boilers, Marine, Locomotive and

Stationary, fourth I'.dltion. Carefully revised with addition*.
With upwards of 570 illustrations. 8vo, cloth $7.00
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HART, JOHN W. The Works' Manager's Hand-Book
of Modern Rules, Tables, and Data for Civil and Mechanical Engineers.
Millwrights and Boiler-makers, etc. ,

etc. With upwards of 150 illus-

trations. Fifth Edition. Carefully revised, with additions. 8vo,
cloth $6.00

INGLE, HERBERT. Manual of Agricultural Chem-
istry. 8vo, cloth, illustrated, 388 pages net. $3.00

INNES, CHARLES H. Problems in Machine Design,
For the Use of Students, Draughtsmen and others. /Second edition.

12mo, cloth net, $2.00

Centrifugal Pumps, Turbines, and Water Motors.
Including the Theory and Practice of Hydraulics. Third and en-

larged edition. 12mo, cloth net, $2.00

ISHERWOOD, B. F. Engineering Precedents for Steam
Machinery. Arranged in the most practical and useful manner for

Engineers. With illustrations. 2vols.ini. 8vo, cloth :.$2.50

JAMIESON, ANDREW, C.E. A Text-Book on Steam
and Steam-Engines. Specially arranged for the use of Science and

Art, City and Guilds of London Institute, and other Engineering
Students. Thirteenth Edition. Illustrated. 12mo, cloth $3.00

Elementary Manual on Steam and the Steam En-
gine. Specially arranged for the use of First-Year Science and Art,

City and Guilds of London Institute, and other Elementary Engineer-
ing Students. Third Edition. 12mo, cloth $1.50

JANNETTAZ, EDWARD. A Guide to the Determina-
tion of Rocks : being an Introduction to Lithology. Translated from
the French by G. W. Plympton, Professor of Physical Science at

Brooklyn Polytechnic Institute. 12mo, cloth $1.50

JEHL, FRANCIS. Member A. I. E. E. The manu-
facture of Carbons for Electric Lighting and Other Purposes. A
Practical Hand-book, giving a complete description of the art of mak-

ing carbons, electros, etc. The various gas generators and furnaces

used in carbonising, with a plan for a model factory. Illustrated with
numerous diagrams, tables and folding plates. 8vo, cloth, illus'd . $4.00

JENNISON, FRANCIS H. The Manufacture of Lake
Pigments from Artificial Colors. A useful handbook for color manu-
facturers, dyers, color chemists, paint manufacturers, drysalters,

wall-paper makers, enamel and surface-paper makers. With fifteen

plates illustrating the various methods and errors that arise in the

different processes of production. 8vo, cloth, illustrated . .net, $3.00

JOHNSON, W. MeA. " The Metallurgy of Nickel."
.In Press.

JOHNSTON, Prof. J. F. W., and CAMERON, Sir Chas.
Elements of Agricultural Chemistry and Geology. Seventeenth Edi-
tion. 12mo, cloth $2.60
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JONES, HARRY C. Outlines of Electrochemistry.
With tables and diagrams. 4to, cloth, illustmtrJ $1.50

JONES, M. W. The Testing and Valuation of Raw
Materials used in Paint and Color Manufacture. 12mo, cl...net. $2.00

JOYNSON, F. H. The Metals used in Construction.
Iron, Steel, Bessemer Metal, etc. Illustrated. 12mo, cloth 75

- Designing and Construction of Machine Gearing.
Illustrated. 8vo, cloth $2.00

JUPTNER, HANNS F. V. Siderology. The Science of
of Iron. (The Constitution of Iron Alloys nud Iron.) Translated
from the German. 8ro, cloth, 345 pages, illustrated. net. $5.00

KANSAS CITY BRIDGE, THE With an Account of
the Regimen of the Missouri River and a Description of the Methods
used for Founding in that River. By O. Chanute, Chief Engineer, and
George Morrison, Assistant Engineer. Illustrated with 5 lithographic
views and 12 plates of plans. 4tx>, cloth $6.00

KAPP, GISBERT, C.E. Electric Transmission of Ener-
gy and its Transformation, Subdivision, and Distribution. A Practical

hand-book. Fourth Edition, revised 12mo, cloth $3.50

Dynamos, Motors, Alternators and Rotary Con-
verters. Translated from the Third German Edition, by Harold H.
Simmons, A. M. I. E. E., with numerous diagrams and figures. 8vo,

cloth, 507 pages $4.00

KEIM, ADOLPH W. Prevention of Dampness in
Buildings ;

with Remarks on the Causes, Nature and Effects of Sr.liue

Efflorescences and Dry Rot. For Architects, Builders, Overseers,
Plasterers, Painters and House Owners. Translated from the Second
revised, German ulifinn. With colored plates and diagrams. 8vo,

cloth, illustrated, 115 pages net. $2.00

KELSEY, W. R. Continuous Current Dynamos and
Motors, nud Their Control ; l>eiug a series of articles re-printed from
Th>- J'rif fit-it/ A'///////"/, and completed by W. R. Kelsey. With

many figures and diagrams. 8vo, cloth, illustrated. 440 paged, $2.50

KEMP, JAMES FURMAN, A. B. t E. M. A Hand-
Book of Rocks

;
for use without the microscope. With a glossary

of the names of rocks and of other lithologioal terms. 8vo, cloth, il-

lustrated. $1.50

KEMPE, H. R. The Electrical Engineer's Pocket
Book of Modern Rules, Formuhe, Tables and Data. Illustrated.

32mo. Morocco, gilt $1.76

KENNELLY, A. E. Theoretical Elements of Electro-
Dynamic Machinery. 8vo, cloth $1.60
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KILGOUR, M. H., SWAN, H., and BIGGS, C. H. W.
Electrical Distribution

;
Its Theory and Practice. 174 Illustrations.

12mo, cloth $4.00

KING, W. H. Lessons and Practical Notes on Steam.
The Steam-Engine, Propellers, etc., for Young Marine Engineers,
Students, and others. Revised by Chief Engineer J. W. King, United
States Navy. Nineteenth Edition, enlarged. 8vo, cloth $2.00

KINGDON, J. A. Applied Magnetism. An introduc-
tion to the Design of Electromagnetic Apparatus, 8vo, cloth. ..$3.00

KIRKALDY, Wm. G. Illustrations of David Kirk-
aldy's System of Mechanical Testing, as Originated and Carried On
by him during a Quarter of a Century. Comprising a Large Selection
of Tabulated Results, showing the Strength and other Properties of
Materials used in Construction, with Explanatory Text and Historical
Sketch. Numerous engravings and 25 lithographed plates. 4to,
cloth $20.00

KIRKBRIDE, J. Engraving for lUustration
;
Histor-

ical and Practical Notes, with Illustrations and two Plates by Ink Pho-
to Process. 8vo, cloth, illustrated. 72 pages net, $1.50

KIRKWOOD, JAS. P. Report on the Filtration of
River Waters for the supply of Cities, as practised in Europe, m .ue

to the Board of Water Commissioners of the city of St. Louis. Illus-

trated by 30 double-plate engravings. 4to, cloth $7.50

KLEIN, J. F. Design of a High Speed Steam Engine.
With Notes, Diagrams, Formulas, and Tables. Second Edition lie-

vised and Enlarged. 8vo, cloth, illustrated, 257 pages net, $5.00

KNIGHT, AUSTIN M., (Lieutenant- Commander U. S. N.)
Modern Seamanship. Illustrated with 136 full page plates and dia-

grams. 8vo, cloth, illustrated. Second edition, revised. . .net $6.00
Half morocco $7.50

KOLLER, THEODOR. The Utilization of Waste
Products. A Treatise on the Rational Utilization, Recovery and
Treatment of Waste Products of all kinds. Translated from the Ger-
man Second Revised Edition. With numerous diagrams. 8vo, cloth,

illustrated, 280 pages net, $3.50

Cosmetics : A Handbook of the Manufacture, Em-
ployment and Testing of all Cosmetic Materials and Cosmetic Special-
ties. Translated from the German by Chas. Salter. 8vo,cloth, net, $2.50

KRAUCH, Dr. C. Testing of Chemical Reagents for
Purity. Authorized translation of the Third edition, by J. A. Wil-
liamson and L. W. Dupre. With additions and emendations by the
author. 8vo, cloth net. $4.50

LAMBERT, THOMAS. Lead, and Its Compounds.
With tables, diagrams and folding plates. 8vo, cloth, illustrated,
228 pages net. $3.50
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LAMBERT, THOMAS Bone Products and Manures:
an account of the most recent improvements in the manufacture of

Fat, Glue, Animal Charcoal, Size, Gelatine and Manures. With plans
and diagrams. 8vo, cloth, Illustrated net 83.00

LAMPRECHT, ROBERT. Recovery Work after Pit
Fires

;
a description of the principal methods puisued, especially in

fiery mines, and of the various appliances employed, such as respira-

tory and rescue apparatus, dams, etc. With folding plates and dia-

grams. Trunslated from the German by Charles Salter. 8vo, cloth,
illustrated '. net, $4.00

LARRABEE, C. S. Cipher and Secret Letter and Tele-
graphic Code, with Hog's Improvements. The most perfect Secret
Code ever invented or discovered. Impossible to read without the

key. 18mo, cloth 60

LASSAR-COHN, Dr. An Introduction to Modern Sci-
entific Chemistry, in the form of popular lectures suited to Universi-

ty Extension Students and general readers. Translated from the au-
thor's corrected proofs for the second German edition. By M. M.
Pattison Muir, M. A. 12mo, cloth, illustrated $2.00

LEASK, A. RITCHIE. Breakdowns at Sea and How
to Repair Them. With eigthy-nine illustrations. Second Edition.

8vo, cloth $2.00

Triple and Quadruple Expansion Engines and
Boilers and their Management. With fifty-nine illustrations. Third
edition* revised. 12mo, cloth $2.00

Refrigerating Machinery : Its Principles and Man-
agement. With sixty-four illustrations. 12mo, cloth $2.00

LECKY, S. T. S.
" Wrinkles " in Practical Navigation.

With 130 illustrations. 8vo, cloth Ninth Edition, revised $8.40

LEFEVRE, LEON. Architectural Pottery: Bricks,
Tiles, Pipes, Enameled Terra-Cottas, Ordinary and Incrusted Quar-
ries, Stoneware Mosaics, Faiences, and Architectural Stoneware.
With tables, plates and 950 cuts and illustrations. With a preface by
M. J.-C. Format'-. Translated from the French by K. H. Bird, M. A.
and W. Moore Binns. 4to, cloth, illustrated wt $7.50

LEHNER, SIGMUND. Ink Manufacture: including
Writing, Copying, Lithographic, Marking, Stamping and Laundry
Inks. Translated from the Fifth German Edition by Arthur Morris
and Herbert Robnon, B. 8c. 8vo, cloth, illustrated, 162 pages.

net, $2.50

LEMSTROM, Dr. Electricity in Horticulture. Illus-
trated. . . .In Pre*t.
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LEVY, C. L. Electric Light Primer. A Simple and
Comprehensive digest of all the most important facts connected with
the running of the dynamo, and electric lights, with precautions for

safety. For the use of persons whose duty it is to look after the

plant. 8vo, paper $ .50

UVACHE, AC'H..(fnffenieur Civil De* Mines.) The Man-
ufacture of Varnishes, Oil Crushing, Refining and Boiling and Kind-
red Industries. Describing the Manufacture and Chemical and Phy-
sical Properties of Spirit Varnishes and Oil Varnishes ;

Baw Mater-
ials

;
Besins

; Solvents and Coloring Principles ; Drying Oils ;
their

Extraction, Properties and Applications, Oil Befining and Boiling ;

The Manufacture, Employment and Testing of Various Varnishes
Translated from the French, by John Geddes Mclntosh. Greatly
extended and adapted to English practice. With numerous

original recipes, by the translator. Illustrated with cuts and dia-

grams. 8vo, cloth, illustrated net. $5.00

LIVERMORE, V. P. & JAMES WILLIAMS. How
to Become a Competent Motorman. Being a Practical Treatise on the

Proper Method of Operating a Street Bailway Motor Car : also giving
details how to overcome certain defects. 16mo, cloth, illustrates, 132

pages $1.00

LOBBEN, PEDER, M. E. Machinists' and Draftsmen's
Hand-Book, containing Tables, Bules and Formulas, with numerous

examples, explaining the principles of mathematics and mechanics, as

applied to the mechanical trades. Intended as a reference book for

all interested in Mechanical work. Illustrated with many cuts and

diagrams. 8vo, cloth $2.50

LOCKE, ALFRED G. and CHARLES G. A Practical
Treatise on the Manufacture of Sulphuric Acid. With 77 Construe,

tive Plates drawn to Scale Measurements, and other Illustrations-

Royal 8vo, cloth $10.00

LOCKERT, LOUIS. Petroleum Motor-Cars. 12mo,
cloth $1.50

LOCKWOOD, THOS. D. Electricity, Magnetism, and
Electro-Telegraphy. A Practical Guide for Students, Operators, and

Inspectors. 8vo, cloth. Third Edition $2.50

Electrical Measurement and the Galvanometer ;
Its

Construction and Uses. Second Edition. 32 illustrations. 12mo,
cloth $1.50

LODGE, OLIVER J. Elementary Mechanics, includ-
ing Hydrostatics and Pneumatics. Revised Edition. 12mo,
cloth $1.50

Signalling Across Space, Without Wires
; Being

a description of the work of Hertz and his successors. With numerous

diagrams and half tone cuts, and additional remarks concerning the

application to Telegraphy and later developments. Third edition.

8vo, cloth, illustrated net, $2.00
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LORD, R. T. Decorative and Fancy Fabrics. A val-
uable Book with designs and illustration* for manufacturers and de-

signers of Carpets, Damask, Dress and all Textile Fabrics. 8vo,
cloth, illustrated net, $3.50

LORING, A. E. A Hand-Book of the Electro-Magnetic
Telegraph. Cloth, boards. Aew and enlarged < <lifin 50

LUCE, Com. S. B. Text-Book of Seamanship. The
Equipping and Handling of Vessels under Sail or Steam. For the
use of the U. S. Naval Academy. Revised and enlart/i d < ditinn,

by Lt. Wm. S. Benson. 8vo, cloth 310.00

LUNGE, GEORGE. Ph. D. Coal-Tar and Ammonia;
being the third and enlarged edition of "A Treatise on the Distilla-

tion of Coal-tar and Ammouiacal Liquor," with numerous tables, fig-
ures and diagrams. Thick 8vo, cloth, illustrated net $15.00

- A Theoretical and Practical Treatise on the Man-
ufacture of Sulphuric Acid and Alkali with the Collateral Branches.
Vol. I. Sulphuric Acid. Second Edition, Revised and enlarged.
342 illustrations. 8vo, cloth $15.00
Vol. II. Second Edition, revised and enlarged. 8vo, cloth. .$16.80
Vol. III. 8vo, cloth. New Edition, 1896 $15.00

LUNGE, GEO., and HURTER, F. The Alkali Maker's
Hand Book. Tables and Analytical Methods for Manufacturers of

Sulphuric Acid, Nitric Acid, Soda, Potash and Ammonia. Second
Edition. 12mo, cloth $3.00

LUPTON, A., G. D. A. PARR and H. PERKIN.
Electricity as Applied to Mining. With tables, diagrams and foliHug

plates. 8vo, cloth, illustrated, 280 pages net. $3.50

LUQUER, LEA McILVAINE, Ph. D. Minerals in
Rock Sections. The Practical Method of Identifying Minerals m
Rock Sections with the Microscope. Especially arranged for

Students in Technical and Sientific Schools. 8vo, cloth. Illus-

trated net, $1.50

MACCORD, Prof. C. W. A Practical Treatise on the
Slide-Valve by Eccentrics, examining by methods the action of the
Eccentric upon the Slide-Valve, and explaining the practical processes
of laying out the movements, adapting the Valve for its various
duties in the Steam-Engine. Second Edition. Illustrated. 4to|
cloth $2.50

MACKROW, CLEMENT. The Naval Architect's and
Ship- Builder's Pocket- Book of Formulae, Rules and Tables ; and

Engineers' and Surveyors
1

Handy-Book of Reference. Eighth edi-

tion, revised and enlarged. Ifimo, limp leather, illustrated $5.00

MAGUIRE, Capt. EDWARD, U. S. A. The Attack
and Defence of Coast Fortifications. With Maps and Numerous
Illustrations. 8vo, cloth $2.50
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MAGUIRE, WM. R. Domestic Sanitary Drainage
and Plumbing Lectures on Practical Sanitation. 332 illustrations.

8vo $100

MARKS, EDWARD C. R. Mechanical Engineering
Materials : Their Properties and Treatment in Construction. 12mo,
cloth. Illustrated 60

Notes on the Construction of Cranes and Lifting
Machinery. With numerous diagrams and figures. New and en-

larged edition. 12mo, cloth net, $1.50

Notes on the Construction and Working of Pumps.
With figures, diagrams and engravings. 12mo, cloth, illustrated.

net, $1.50

MARKS, G. C. Hydraulic Power Engineering : a
Practical Manual on the Concentration and Transmission of Power
by Hydraulic Machinery. With over two hundred diagrams and
tables. 8vo, cloth, illustrated $3.50

MAVER, WM. American Telegraphy : Systems, Ap-
paratus, Operation. 450 illustrations. 8vo, cloth $5.00

MAYER, Prof. A. M. Lecture Notes on Physics.
8vo, cloth $2.00

McCULLOCH, Prof. R. S. Elementary Treatise on
the Mechanical Theory of Heat, and its application to Air and Steam
Engines. 8vo, cloth $3.50

McNEILL, BEDFORD. McNeilTs Code. Arranged
to meet the requirements of Mining, Metallurgical and Civil Engi-
neers, Directors of Mining, Smelting and other Companies, Bankers,
Stock and Share Brokers, Solicitors, Accountants, Financiers, and
General Merchants. Safety and Secrecy. 8vo, cloth $6.00

McPHERSON, J. A. (A. M Inst. C. E.} Waterworks
Distribution

;
a practical guide to the laying out of systems of distrib-

uting mains for the supply of water to cities and towns. With tables,

folding plates and numerous full-page diagrams. 8vo, cloth, ill. $2.50

MERRITT, WM. HAMILTON. Field Testing for
Gold and Silver. A Practical Manual for Prospectors and Miners.
With numerous half-tone cuts, figures and tables. 16mo, limp
leather, Illustrated $1.50

METAL TURNING. By a Foreman Pattern Maker.
Illustrated with 81 engravings. 12mo, cloth $1.50

MICHELL, STEPHEN. Mine Drainage ; being a com-
plete Practical Treatise on Direct-Acting Underground Steam Pump-
ing Machinery. Containing many folding plates, diagrams and tables.

Second edition, re-written and enlarged. Thick, 8vo, cloth, illus.

$10.00



SCIENTIFIC' 1'UBI.ICATIONS. 29

MINIFIE, WM. Mechanical Drawing. A Textbook of
Geometrical Drawing for the use of Mechanics and Schools, in which
the Definitions and Rules of Geometry are familiarly explained ; the
Practical Problems are arranged from the most simple to the more
complex, and in their description technicalities are avoided as much as

possible. With illustrations for Drawing Plans, Sections, and Eleva-
tions of Railways and Machinery ;

an Introduction to Isometrical Draw-
ing, and an Essay on Linear Perspective and Shadows. Illustrated with
over 200 diagrams engraved on steel. Ninth thousand. With an

appendix on the Theory and Application of Colors. 8vo, cloth. .$4.00

Geometrical Drawing. Abridged from the Octavo
edition, for the use of schools. Illustrated with 48 steel plates.
Ninth edition. 12rno, cloth $2.00

MODERN METEOROLOGY. A Series of Six Lectures,
delivered under the auspices of the Meteorological Society in 1870.
Illustrated. 12mo, cloth $1.50

MOORE, E. C. S. New Tables for the Complete Solu-
tion of Gangnillet and Kutter's Formula for the flow of liquids in

open channels, pipes, sewers and conduits. In two parts. Part I,

arranged for 1,080 inclinations from 1 over 1, to 1 over 21,120 for

fifteen different values of (n). Part II, for use with all other values
of (n). With large folding diagram. 8vo, cloth, illustrated, .net, $5.00

MOREING, C. A., and NEAL, THOMAS. New Gen-
eral and Mining Telegraph Code. 676 pages alphabetically arranged.
For the use of mining companies, mining engineers, stockbrokers,
financial agents, and trust and finance companies. 8(h edition. 8vo,
cloth $5.00

MOSES, ALFRED J., and PARSONS, C. L. Elements
of Mineralogy, Crystallography and Blowpipe Analysis from a prac-
tical standpoint. Second Thousand. 8vo, cloth, 336 illus..<, $2.00

MOSES, ALFRED J. The Characters of Crystals.
An Introduction to Physical Crystallography, containing 821 Illustra-

tions and Diagrams. 8vo, 211 pp net, $2.00

MOSS, SANFORD A. The Lay-out of Corliss Valve
Gears. ( Van Nontrand'ti Science Scrie*, No. tig). 16mo, cloth,
illustrated $0.50

MTJLLIN, JOSEPH P., M.E. Modern Moulding and
Pattern-Making. A Practical Treatise upon Pattern-Shop and Foun-

dry Work : embracing the Moulding of Pulleys, Spur Gears, Worm
Gears, Balance- Win -fin, Stationary Engine and Locomotive Cylinders,
Globe ValveH, Tool Work, Mining Machinery, Screw Propellers, Pat-

tern-Shop Machinery, and the latest improvements in English and
American Cupolas ; together with a large collection of original and

carefully selected Uulen and Tables for every-day use in the Drawing
Office, Pattern-Shop and Foundry. 12mo, cloth, illustrated.... $2.50
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MTTNRO, JOHN, C.E., and JAMIESON, ANDREW,
C. E. A Pocketbook of EJectrical Rules and Tables for the
use of Electricians and Engineers, fifteenth edition, revised
and enlarged. With numerous diagrams. Pocket size. Leather. $2. 50

MURPHY, J. G., M.E. Practical Mining. A Field
Manual for Mining Engineers. With Hints for Investors in Mining
Properties. 16mo, morocco tucks $1.00

NAQUET, A. Legal Chemistry. A Guide to the Detec-
tion ot Poisons, Falsification of Writings, Adulteration of Alimentary
and Pharmaceutical Substances, Analysis of Ashes, and examination of

Hair, Coins, Arms, and Stains, as applied to Chemical Jurisprudence,
for the use of Chemists, Physicians, Lawyers, Pharmacists and Experts.
Translated, with additions, including a list of books and memoirs on

Toxicology, etc., from the French, by J. P. Battershall, Ph.D., with a

preface by C. F. Chandler, Ph.D., M.D., LL.D. 12mo, cloth. .$2.00

NASMITH, JOSEPH, The Student's Cotton Spinning.
Third edition, revised and enlarged. 8vo, cloth, 622 pages, 250
illustrations $3.00

NEUBURGER, HENRY and HENRI NOALHAT.
Technology of Petroleum. The Oil Fields of the World

;
their His-

tory, Geography and Geology. Annual Production, Prospection and

Development. Oil-well Drilling, Transportation of Petroleum by
land and sea. Storage of Petroleum. With 153 illustrations and 25

plates. Translated from the French by John Geddes Mclntosh. 8vo,

cloth, illustrated net, $10.00

NEWALL, JOHN W. Plain Practical Directions for
Drawing, Sizing and Cutting Bevel-Gears, showing bow the Teeth

may be cut in a Plain Milling Machine or Gear Cutter so as to give
them a correct shape from end to end

;
and showing how to get out

all particulars for the Workshop without making any Drawings.
Including a Full Set of Tables of Reference. Folding Plates. 8vo,
cloth $1.50

NEWLANDS, JAMES. The Carpenters' and Joiners'
Assistant : being a Comprehensive Treatise on the Selection, Prepara-
tion and Strength of Materials, and the Mechanical Principles of

Framing, with their application in Carpentry, Joinery, and Hand-
Bailing ; also, a Complete Treatise on Sines

;
and an illustrated Glos-

sary of Terms used in Architecture and Building. Illustrated. Folio,
half morocco $15.00

NIPHER, FRANCIS E., A.M. Theory of Magnetic
Measurements, with an appendix on the Method of Least Squares.
12mo, cloth $1.00

NUGENT, E. Treatise on Optics; or, Light and Sight
theoretically and practically treated, with the application to Fine Art
and Industrial Pursuits. With 103 illustrations. 12mo, cloth. . .$1.50
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O'CONNOR, HENRY. The Gas Engineer's Pocket
Book. Comprising Tables, Notes and Memoranda ; relating to the

Manufacture, Distribution and Use of Coal Gas and the Construc-
tion of Gas Works. Second edition, revised. 12mo, full leather, gilt

edges $3.50

OLSEN, Prof. J. C. Quantitative Chemical Analysis.
In Press.

OSBORN, FRANK C. Tables of Moments of Inertia,
and Squares of Radii of Gyration; Supplemented by others on the
Ultimate and Safe Strength of Wrought Iron Columns, Safe Strength
of Timber Beams, and Constants for readily obtaining the Shearing
Stresses, Reactions, and Bending Moments in Swing Bridges. 12mo,
leather $3.00

OSTERBERG, MAX. Synopsis of Current Electrical
Literature, compiled from Technical Journals aiid Magazines during
1895. 8vo, cloth $1.00

OUDIN, Maurice A. Standard Polyphase Apparatus
and Systems. With many diagrams and figures. Third edition,

thoroughly revised. Fully 1 1 lust rated $3.00

PALAZ, A., ScD. A Treatise on Industrial Photome-
try, with special application to Electric Lighting. Authorized trans-

lation from the French by George W. Patterson, Jr. Second edition,
revised. 8vo, cloth. Illustrated. $4.00

PARR, G. D. A. Electrical Engineering Measuring
Instruments, for Commercial and Laboratory Purposes. With 370

diagrams and engravings. 8vo, cl., illustrated. 328 pp > t, $3.50

PARRY, ERNEST J., B. Sc. The Chemistry of Essen-
tial Oils and Artificial Perfumes. Being an attempt to group together
the more important of the published facts connected with the subject;
also giving an outline of the principles involved in the preparation and

analysis of Essential Oils. With numerous diagrams and tables.

8vo, cloth, illustrated net. $5.00

PARRY, LEONARD A., M. D. The Risks and Dan-
ger* of Various Occupations and their I'n-vcntion. A book that

should be in the hands of manufacturer*, tin- uiolical profession,

sanitary inspectors, medical officers of health, managers of works,
foremen and workmen. 8vo, cloth nil. $3.00

PARRY, E. J. and J. H. COSTE. Chemistry of Pig-
mentH. \\ithtablesandfigures. 8vo, cl., illim., '2*0 pages. nr<. $4.50

PARSHAXL, H. F., and HOBART, H. M. Armature
Windings of Electric Machines. With 140 full page plates, 65 ta-

bles, and 165 pages of descriptive letter-press. 4to, cloth $7.50
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PARSHALL, H. F., and EVAN PARRY. Electrical
Equipment of Tramways (In Press.)

PATERSON, DAVID, F. C. S. The Color Printing of
Carpet Yarns

;
a useful manual for color chemists and textile printers.

With numerous illustrations. 8vo, cloth, illustrated net. $3.50
- Colour Matching on Textiles; a Manual intended
for the use of Dyers, Calico Printers and Textile Coloured Chemists.

Containing coloured frontispiece aud 9 illustrations, and 14 dyed pat-
terns in appendix. 8vo, cloth, illustrated net, $3.00

The Science of Color Mixing ;
a manual intended

for the use of Dyers, Calico Printers and Color Chemists. With fig-

ures, tables and colored plate. 8vo, cloth, illustrated net. $3.00

PATTEN, J. A Plan for Increasing the Humidity of
the Arid Region and the Utilization of Some of the Great Rivers of the

United States for Power and other Purposes. A paper communicated
to the National Irrigation Congress, Ogden, Utah, Sept. 12, 1903.

4to, pamphlet, 20 pages, with 7 maps $1 .00

PAULDING, CHAS. P. The Loss of Heat from Cov-
ered Steam Pipes In Press.

PEIRCE, B. System of Analytic Mechanics. 4to,
cloth $10.00

- Linear Associative Algebra. New edition with addenda
and notes by C. L. Pierce. 4to, cloth $4.00

PERRINE, F. A. C., A. M., D. Sc. Conductors for Elec-
trical Distribution

;
Their Manufacture and Materials, the Calcula-

tion of Circuits, Pole Line Construction, Underground Working and
other Uses. With numerous diagrams and engravings. 8vo, cloth,

illustrated, 287 pp net. $3.50

Postage .25

PERRY, JOHN. Applied Mechanics. A Treatise for
the use of students who have time to work experimental, numerical
and graphical exercises illustrating the subject. 8vo, cloth, 650

pages net. $2.50

PHILLIPS, JOSHUA. Engineering Chemistry. A
Practical Treatise for the use of Analytical Chemists, Engineers, Iron

Masters, Iron Founders, students and others. Comprising methods
of Analysis and Valuation of the principal materials used in Engin-
eering works, with numerous Analyses, Examples and Suggestions,
illustrated. Third edition, revised and enlarged. 8vo, cloth. .$4.50

PICKWORTH, CHAS. N. The Indicator Hand Book.
A Practical Manual for Engineers. Part I. The Indicator : Its

Construction and Application. 81 illustrations. 12mo, cloth. . .$1.50

The Indicator Handbook. Part II. The Indicator
Diagram ; Its Analysis and Calculation. With tables and figures.

12mo, cloth, illustrated $1.50



SCIENTIFIC PUBLICATIONS. 88

PICKWORTH, CHAS. N. The Slide Rule. A Practical
Manual of I nst ruction fur all Users of the Modern Type of Slide Kule,
containing Suooint Explanation of the Principle of SI i.l- Rule Com-
putation, together with Numerous Rules and Practical Illustrations,

exhibiting the Application of the Instrument to the Everyday Work
of the Engineer Civil, Mechanical and Electrical. Seventh edition.

12mo, flexible cloth f1.00

PLANE TABLE, The. Its Uses in Topographical Sur-
veying. From the Papers of the United States Coast Survey.
Illustrated. 8vo, cloth $2.00
"This work gives a description of the Plane Table employed at the
United States Coast Survey office, and the manner of using it."

PLANTE, GASTON. The Storage of Electrical Energy,
and Researches in the Effects created by Currents, combining Quan-
tity with High Tension. Translated from the French by Paul B.
Elwell. 89 illustrations. 8vo $4.00

PLATTNER'S Manual of Qualitative and Quantitative
Analysis with the Blow- Pipe. Hiyhth c, I ition, revised. Trans-
lated by Henry B. Cornwall, E. M. Ph. D.. assisted by John H. Cas-

weH, A. M. From the sixth Qerman edition, by Prof. Friederick
Kolbeck. Illustrated with 87 woodcuts. 463 pages. 8vo, cloth.

net, $4.00

PLYMPTON, Prof. OEO. W. The Aneroid Barometer :

Its Construction and Use. Compiled from several sources. Eighth
edition, revised and enlarged. 16mo, boards, illustrated. $0.50

Morocco, $1.00

POCKET LOGARITHMS, to Four Places of Decimals,
including Logarithms of Numbers, and Logarithmic Sines and Tan-

gents to Single Minutes. To which is added a Table of Natural

Sines. Tangents, and Co-Tangents. 16mo, boards 60

POPE, F. L. Modern Practice of the Electric Tele-
graph. A Technical Hund-Book for Electricians, Managers and

Operators. Mftcent/i edition, rewritten and enlarged, and full;/

illustrated. 8vo, cloth $1.60

POPPLEWELL, W. C. Elementary Treatise on Heat
and Heat Engine-*. Specially adapted for engineers and student* of

engineering. l'2mo, cloth, illustrated $3.00

- Prevention of Smoke, combined with the Economi-
cal Coinl.UHtiou of Fuel. With diagrams, figures and tables. 8vo.

cloth, ilhiHtrated net, $3.50

POWLES, H. H. Steam Boilers (In Prett.)

PRAY, Jr., THOMAS. Twenty Years with the In-
dicator; lii-ing a Pr.n-ticiil Text-Book f or the Engineer or the Student,
with no complex Formulae. Illustrated. 8vo, cloth $2.60
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PRAY, Jr., THOMAS. Steam Tables and Engine Con-
stant. Compiled from Begnault, Rankine and Dixon directly, making
use of the exact records. 8vo, cloth $2.00

Practical Compounding of Oils, Tallow and Grease, for
Lubrication, etc., by an Expert Oil Refiner. 8vo, cloth . . .net, $3.50

PRACTICAL IRON FOUNDING. By the author of
"Pattern Making," &c., &c. Illustrated with over one hundred

engravings. Third edition. 12mo, cloth $1.50

PREECE, W. H. Electric Lamps (In Press.)

PRELINI, CHARLES., C. E. Tunneling; a Practical
Treatise containing 149 Working Drawings and Figures. With addi-

tions by Charles S. Hill, C. E., Associate Editor "Engineering
News." 311 pages. Second edition, revised. 8vo, cloth, illustrated.

$3.00

Earth and Rock Excavations. A Manual for
Engineers, Contractors and Engineering Students. 8vo, cloth, illus-

trated In Press.

PREECE, W. H., and STTJBBS, A. T. Manual of Tele-
phony. Illustrations and plates. 12mo, cloth $4.50

PREMIER CODE. (See Hawke, Wm. H.)

PRESCOTT, Prof. A. B. Organic Analysis. A Manual
of the Descriptive and Analytical Chemistry of certain Carbon Com-
pounds in Common Use ;

a Guide in the Qualitative and Quantitative

Analysis of Organic Materials in Commercial and Pharmaceutical

Assays, in the estimation of Impurities under Authorized Standards,
and in Forensic Examinations for Poisons, with Directions for Ele-

mentary Organic Analysis. Fifth edition. 8vo, cloth $5.00

Outlines of Proximate Organic Analysis, for the
Identification, Separation, and Quantitative Determination of the

more commonly occurring Organic Compounds. Fourth edition.

12mo, cloth $1.75

PRESCOTT, A. B., and E. C. SULLIVAN. (Univers-
ity of Michigan) . First Book in Qualitative Chemistry. For Studies

of Water Solution and Mass Action. Eleventh edition, entirely re-

vrritten. 12mo, cloth net, $1.50

and OTIS COE JOHNSON. Qualitative Chemical
Analysis. A Guide in the Practical Study of Chemistry and in the

work of Analysis. Fifth revised and enlarged edition, entirely re-

written. With Descriptive Chemistry extended throughout.. net $3.50

PRITCHARD, O. G. The Manufacture of Electric
Light Carbons. Illustrated. 8vo, paper $0. 60
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PULLEN, W. W. F. Application of Graphic Methods
to the Design of Structures. Specially prepared fur the use of En-

gineers. A Treatment by Graphic Methods of the Forces and Princi-

ples necessary for consideration in the Design of Engineering Struc-

tures, Roofs, Bridges, Trusses, Framed Structures, Wells, Dams,
Chimneys and Masonry Structures. 12mo, cloth. Profusely Illus-

trated net, $2.50

PULSIFER, W. H. Notes for a History of Lead. 8vo,
cloth, gilt top $4.00

PUTSCH, ALBERT. Gas and Coal Dust Firing; a
critical review of the various appliances patented in Germany for this

purpose since 1885. With diagrams and figures. Translated from
the German by Charles Salter. 8vo, cloth, illustrated. . ..net, $3.00

PYNCHON, Prof. T. R. Introduction to Chemical
Physics, designed for the use of Academies, Colleges, and High
Schools. Illustrated with numerous engravings, and containing copious
experiments with directions for preparing them. New edition, re-

vised and enlarged, and illustrated by 269 illustrations on wood.

8vo, cloth $3.00

RADFORD, Lieut. CYRUS. S. Handbook on Naval
Gunnery. Prepared by Authority of the Navy Department. For the
use of U. 3. Navy, U. S. Marine Corps and U. S. Naval Reserves.
Revised and enlarged, with the assistance of Stokely Morgan, Lieut.

U. S. N. Third edition, revised and enlarged. 12mo, flexible

leather $2.00

RAFTER, GEO. W. Treatment of Septic Sewage
( Van Nostrand's Science Series, No. 118.) 16mo, cloth $0.50

Tables for Sewerage and Hydraulic Engineers.
In Press.

RAFTER, GEO. W. and M. N. BAKER. Sewage Dis-
Disposal in the United States. Illustrations and folding plates.
Third edition. 8vo, cloth $6.00

RAM, GILBERT S. The Incandescent Lamp and its
Manufacture. 8vo., cloth $8.00

RANDALL, J. E. A Practical Treatise on the Incan-
descent Lamp. Illustrated. 16mo, cloth 00

RANDALL, P. M. Quartz Operator's Hand-book.
New edition, revised and enlarged, f"Uy illustrated. 12mo,
cloth $2.00

RANDAU, PAUL. Enamels and Enamelling; an
introduction to the preparation and application of all kinds of enamela
for technical and artistic purposes. For enamel makers, workers in
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gold and silver, and manufacturers of objects of art. Third German
edition. Translated by Charles Salter. With figures, diagrams and
tables. 8vo, cJoth, illustrated net. $4.00

RANKINE, W. J. MACQUORN. Applied Mechanics.
Comprising the Principles of Statics and Cinematics, and Theory
of Structures, Mechanism, and Machines. With numerous diagrams.
Sixteenth edition. Thoroughly revised by W. J. Millar. 8vo,
cloth $5.00
- Civil Engineering. Comprising Engineering Sur-
veys, Earthwork, Foundations, Masonry, Carpentry, Metal-Work,
Roads, Railways, Canals, River?, Water-Works, Harbors, etc. With
numerous tables and illustrations. Twenty-first edition. Thorough-
ly revised by W. J. Millar. 8vo, cloth $6.50

Machinery and Mill-work. Comprising the Geom-
etry, Motions, Work, Strength, Construction, and Objects of

Machines, etc. Illustrated with nearly 30(1 woodcuts. Seventh edi-

tion. Thoroughly revised by W. J. Millar. 8vo, cloth $5.00

The Steam-Engine and Other Prime Movers. With
diagram of the Mechanical Properties of Steam, folding plates,
numerous tables and illustrations, fifteenth edition. Thoroughly
revised by W. J. Millar. 8vo, cloth $6.00

Useful Rules and Tables for Engineers and Others.
With appendix, tables, tests, and formulae for the use of Electrical

Engineers. Comprising Submarine Electrical Engineering, Electric

Lighting, and Transmission of Power. By Andrew Jamieson, C.E.,
F.R.S.E. Seventh edition. Thoroughly revised by W. J. Millar.

8vo, cloth $4.00

A Mechanical Text Book. By Prof. Macquorn Rankine
and E. F. Barnber, C. E. With numerous illustrations. Fifth
edition. 8vo, cloth $3.50

RAPHAEL, F. C. Localization of Faults in Electric
Light Mains. 8vo, cloth $2.00

RAYMOND, E. B. Alternate Current Engineering.
Practically Treated. With numerous diagrams and figures . . In Press.

RAYNER, H. Silk Throwing and Waste Silk Spin-
ning With numerous diagrams and figures. 8vo, cloth, illus-

trated net $2.50

RECIPES for the Color, Paint, Varnish, Oil, Soap and
Drysaltery Trades. Compiled by an Analytical Chemint. Svo,
cloth $3.50

RECIPES FOR FLINT GLASS MAKING. Being
leaves from the mixing book of several experts in the Flint Glass
Trade. Containing up-to-date recipes and valuable information as to

Crystal, Demi-Crystal and Colored Glass in its many varieties. It con-
tains the recipes for cheap metal suited to pressing, blowing, etc., as
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well as the most costly Cyretal and Ruby. British manufacturers have

kept up the quality of this glass from the arrival of the Venetians to

Hungry Hill, Stourbridge, np to the present time. The book also

contains remarks as to the result of the metal as it left the pots by
the respective metal mixers, taken from their own memoranda upon
the originals. Compiled by a British Glass Master and Mixer. 12mo,
cloth net, $4.60

REED'S ENGINEERS' HAND-BOOK, to the Local
Marine Board Examinations for Certificates of Competency as First
and Second Class Engineers. By W. H. Thorn. With the answers
to the Elementary Questions. Illustrated by 358 diagrams and 37 large

plates. Seventeenth edition, revised and enlarged. 8vo, cloth .$5.00

- Key to the Seventeenth Edition of Reed's En-
gineer's Hand-book to the Board of Trade Examination for First and
Second Class Engineers and containing the workings of all the ques-
tions given in the examination papers. By W. H. Thorn. 8vo,
cloth $3.00

Useful Hints to Sea-going Engineers, and How to
Repair and Avoid " Break Downs;" also Appendices Containing
Boiler Explosions, Useful Formulae, etc. With 4 : diagrams and 8

plates. Third edition, revised and enlarged. 12mo, cloth $1.50

Marine Boilers, A Treatise on the Causes and Pre-
vention of their Priming, with Remarks on their General Manage-
ment. Illustrated. 12mo, cloth $2.00

REINHARDT, CHAS. W. Lettering for Draftsmen,
Engineers and Students. A Practical System of Free-hand Lettering
for Working Drawings. Revined and enlarged edition. T/iirf> > nth

thousand. Oblong, boards $1.00

- The Technic of Mechanical Drafting. A Practical
Guide to neat, correct and legible drawing, containing many illustra-

tions, diagrams and full-page plates. 4to, cloth, illustrated. . . .$1.00

REISER, F. Hardening and Tempering of Steel, in
Theory and Practice. Translated from the German of the Third and
Enlarged Edition, by Arthur Morris and Herbert Robeon. 8vo, cloth.
120 pages $2.60

N. Faults in the Manufacture of Woolen Goods,
and Their Prevention. Tnmsl.it.'.l from tin- .svrom/ <i> ruinii K< tition,

by Arthur Morris and Herbert RoUson. 8vo, cloth, illustrated, 170

pages net, $2.50

RICE, J. M., and JOHNSON, W. W. On a New
Method of obtaining the Differential of Functions, with

especial
reference to the Newtonian Conception of Rates or Velocities. 12mo,
paper $0.60
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RIDEAL, SAMUEL, D. Sc. Glue and Glue Testing,
with figures arid tables. 8vo, clotli, illustrated net. $4.00

RINGWALT, J. L. Development of Transportation
Systems in the United States, Comprising a Comprehensive Descrip-
tion of the leading features of advancement from the colonial era to

the present time, in water channels, roads, turnpikes, canals, railways,

vessels, vehicles, cars and locomotives
; the cost of transportation a

various periods and places by the different methods
;
the financial

engineering, mechanical, governmental and popular questions that

have arisen, and notable incidents in railway history, construction
and operation. With illustrations of hundreds of typical objects.

Quarto, half morocco $7.50

RIPPER, WILLIAM. A Course of Instruction in
Machine Drawing and Design for Technical Schools and Engineer
Students. With 52 plates and numerous explanatory engravings.
Folio, cloth net, $6.00

ROBERTSON, L. S. Water-tube Boilers. Based on
a short course of Lectures delivered at University College, Lon-
don. With upward of 170 illustrations and diagrams. 8vo, cloth,
illustrated $3.00

ROEBLING, J. A. Long and Short Span Railway
Bridges. Illustrated with large copperplate engravings of plans and
views. Imperial folio, cloth $25.00

ROSE, JOSHUA, M.E. The Pattern-Makers' Assistant.
Embracing Lathe Work, Branch Work, Core Work, Sweep Work, and
Practical Gear Constructions, the Preparation and Use of Tools,
together with a large collection of useful and valuable Tables.
Ninth edition. Illustrated with 250 engravings. 8vo, cloth $2.50

Key to Engines and Engine-running. A Practical
Treatise upon the Management of Steam Engines and Boilers for

the Use of Those who Desire to Pass an Examination to Take
Charge of an Engine or Boiler. With numerous illustrations, and
Instructions Upon Engineers' Calculations, Indicators, Diagrams,
Engine Adjustments, and other Valuable Information necessary for

Engineers and Firemen. 12mo, cloth $2.50

ROWAN, FREDERICK J. The Practical Physics of
the Modern Steam Boiler. With an Introduction by Prof. R. H.
Thurston. With numerous illustrations and diagrams. 8vo cloth,
illustrated. 638 pp $7.50

SABINE, ROBERT. History and Progress of the
Electric Telegraph. With descriptions of some of the apparatus.
Second edition, with additions. 12mo, cloth $1.25

SAELTZER, ALEX. Treatise on Acoustics in connec-
tion with Ventilation. 12mo, cloth $1.00
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SALOMONS, Sir DAVID, M.A. Electric-Light Instal-
lations. A Practical Handbook. Eiyhth edition, revised and en-

larged ivith numerous illustrations. Vol. I., The management of

Accumulators. 12mo, cloth $1.50
Vol. IL, Apparatus, 296 illustrations. 12mo., cloth $2.25
Vol. III., Applications, 12mo., cloth $1.50

SANFORD, P. GERALD. Nitro-Explosives. A Prac-
tical Treatise concerning the Properties, Manufacture and Analysis
of Nitrated Substances, including the Fulminates, Smokeless Pow-
ders and Celluloid. 8vo. cloth, 270 pages $3.00

SAUNDERS, CHARLES H. Handbook of Practical
Mechanics for use in the Shop and Draughting Room ; containing
tables, rules and formulas, and solutions of practical problems by
simple and quick methods, ICtuo, limp cloth $1.00

SAUNNIER, CLAUDIUS. Watchmaker's Handbook.
A Workshop Companion for those engaged in Watchmaking and
allied Mechanical Arts. Translated by J. Tripplin and E. Kigg.
Second edition, revised with appendix. 12mo, cloth $3.50

SCHELLEN, Dr. H. Magneto-Electric and Dynamo-
Electric Machines : their Construction and Practical Application to

Electric Lighting, and the Transmission of Power. Translated from
the third German edition by N. 8. Keith and Percy Neymann, Ph.D.
With very large additions and notes relating to American Machines, by
N. S. Keith. Vol. 1, with 353 illustrations. Second edition.. .$5.00

SCHUMANN, F. A Manual of Heating and Ventilation
in its Practical Application, for the use of Engineers and Architects.

Embracing a series of Tables and Formulae for dimensions of heating,
flow and return pipes for steam and hot-water boilers, flues, etc. I2mo,
illustrated, full roan $1.50

SCHMALL, C. N., and SHACK, S. M. Elements of
Plane Geometry. With many examples and diagrams. 12mo, cloth,
illustrated In Press.

SCIENCE SERIES, The Van Nostrand. [See List, p. 61]

SCRIBNER, J. M. Engineers' and Mechanics' Com-
panion. Comprising United States Weights and Measures. Mensura-
tion of Supertices and Solids, Tables of Squares and Cubes, Square
and Cube Roots, Circumference and Areas of Circles, the Mechanical

Powers, Centres of Gravity, Gravitation of Bodies, Pendulums, Spe-
cific Gravity of Bodies, Strength, Weight, and Crush of Materials,
Water-Wheels, Hydrostatics, Hydraulics, Statics, Centres of Percus-

sion and Gyration, Friction Heat, Tables of the Weight of Metals,

Scantling, etc. . Steam and the Steam-Engine. Twenty-first edition,
revised. 16mo, full morocco $1.50
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SEATON, A. E. A Manual of Marine Engineering.
Comprising the Designing, Construction and Working of Marine

Machinery. With numerous tables and illustrations reduced from
Working Drawings. Fourteenth edition. Revised throughout, with
an additional chapter on Water Tube Boilers. 8vo, cloth $6.00

and RpTJNTHWAITE, H. M. A Pocketbook of Ma-
rine Engineering Rult s and Tables. For the use of M irine Engineers
and Naval Architects, Designers, Draughtsmen, Superintendents, and
all engaged in the design and construction of Marine Machinery, Naval
and Mercantile. Seventh edition, revised and enlarged. Pocket size.

Leather, with diagrams $3.00

SEELJGMANN, T., TORRLLHON, G. L,., and FAL-
Conuet, H. India Rubber and Gutta Percha. A complete practical
treatise on India Rubber and Gutta Percha, in their historical, bot-

tanical, arboricultural, mechanical, chemical and electrical aspects.
Translated from the French, by John Geddes Mclntosh. 8vo, cloth,

illustrated, 412 pages net, $7.50

SEVER, G. F. (Prof.) Electrical Engineering Experi-
ments and Tests on Direct Current Machinery. 8vo, cloth, illus-

trated In Press.

and F. TOWNSEND. Laboratory and Factory
Tests in Electrical Engineering. 8vo, cloth, illustrated, about 225

pages In Press.

SEWALIi, C. H. Wireless Telegraphy. With Diagrams
and Engravings. 8vo, cloth, illustrated .net, $2.00

SEWEliL, T. Elements of Electrical Engineering:
A First Year's Course for Students. With many diagrams, tables
and examples. 8vo, cloth, illustrated, 332 pages net. $3.00

SEXTON, A. HTJMBOLDT. Fuel and Refractory Ma-
terials. 8vo, cloth $2.00

Chemistry of the Materials of Engineering; A
handbook for Engineering Students. With tables, diagrams and
illustrations. 12mo, cloth, illustrated

*
$2.50

SHAW, SIMEON. The History of the Staffordshire
Potteries, and the Rise and Progress of the Manufacture of Pottery
and Porcelain

;
with references to genuine specimens, and notices of

eminent potters. A re-issue of the original work published in 1829.

8vo, cloth, illustrated -.net. $3.00

Chemistry of the Several Natural and Artificial
Heterogeneous Compounds used in Manufacturing Porcelain, Glass
and Pottery. Re-issued in its original form, published in 1837. 8vo,
cloth net, $5.00
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SHAW, (Lieut.-CoL) WM. J. Studies in Map Reading
and Field Sketching ; an aid to passing outdoor examinations in these

subjects. Illustrated with fifteen folding plates. 12mo, clotb, illus-

trated, 148 pages net. $2.60

Tactical Operations for Field Officers ; being up-to-
date schemes worked out on training grounds at home stations.

With folding plates and maps. l'2mo, cloth, illus., 321 page?. . .$3.00

SHELDON, Prof. S., Ph. D., and HOBART, MASON,
B. S. Dynamo Electric Machinery ;

Its Construction, Design and

Operation. Direct Current Machines. Second edition. 8vo, cloth,
illustrated net. $2.60

- Alternating Current Machines ; being the second
volume of the author's "

Dynamo Electric Machinery ;
its Construc-

tion, Design, and Operation." With many diagrams and figures.

(Binding uniform with volume I.) 8vo, cloth, illustrated, .net, $2.50

SHIELDS, J. E. Notes on Engineering Construction.
Embracing Discussions of the Principles involved, and Descriptions
of the Material employed in Tunnelling, Bridging, Canal and Road
Building, etc. 12mo, cloth $1.60

SHOCK, WM. H. Steam Boilers, Their Design, Con-
struction and Management. 4to, half morocco $15.00

SHREVE, S. H. A Treatise on the Strength of Bridges
and K<><>fs. Comprising the determination of Algebraic formulas for

strains in Horizontal, Inclined or Rafter, Triangular, Bowstring,

Lenticular, and other Truases, from fixed and moving loads, with

practical applications, and examples, for the use of Students and

Engineers. 87 woodcut illus. fourth edition. 8vo, cloth $3.50

SHUNK, W. F. The Field Engineer. A Handy Book
of practice in the Survey, Location, and Truck-work of Railroads, con-

taining a large collection of Rules and Tables, original and selected,

applicable to both the Standard and Narrow Gauge, and prepared
with special reference to the wants of the young Engineer. fif-
teenth edition, revised and enlarged. With an addenda. 12mo, mo-

rocco, tucks $2.50

SIMMS, F. W. A Treatise on the Principles and Prac-
tice of Levelling. Showing its application to purposes of Railway
Engineering, and the Construction of Roads, etc. Revised and cor-

rected, with the addition of Mr. Laws' Practical Examples for setting
out Railway Curves. Illustrated. 8vo, cloth, $2.60

- Practical Tunneling. Fourth Edition, Revised
and greatly extended. With additional chapters illustrating recent

practice by D. Kinnear Clark. With 36 plates and other illustrations.

Imperial 8vo, cloth $12.00
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SIMPSON, GEORGE. The Naval Constructor. A
Vade Mecum of Ship Design, for Students, Naval Architects, Ship-
builders and Owners, Marine Superintendents, Engineers and
Draughtsmen. 16mo, morocco, illustrated, 500 pages. In Press.$5.00

SLATER, J. W. Sewage Treatment, Purification, and
Utilization. A Practical Manual for the Use of Corporations, Local
Boards, Medical Officers of Health, Inspectors of Nuisances, Chem-
ists, Manufacturers, Riparian Owners, Engineers, and Rate-payers.
12mo, cloth $2.25

SMITH, ISAAC W., C.E. The Theory of Deflections
and of Latitudes and Departures. With special applications to

Curvilinear Surveys, for Alignments of Railway Tracks. Illustrated.

16mo, morocco, tucks S3. 00

SMITH, J. CRTJICKSHANK. Manufacture of Paint;
A practical Handbook for Paint Manufacturers, Merchants and Paint-
ers. With 60 illustrations and one large diagram. 8vo, cloth, illus-

trated net $3.00

SNELL, ALBION T. Electric Motive Power: The
Transmission and Distribution of Electric Power by Continuous and
Alternate Currents. With a Section on the Applications of Electricity
to Mining Work. Second edition. 8vo, cloth, illustrated $4.00

SOXHLET, D. H. Art of Dyeing and Staining Marble,
Artificial Stone, Bone, Horn, Ivory and Wood, and of imitating all

sorts of Wood. A Practical Hand-book for the use of Joiners, Tur-

ners, Manufacturers of Fancy Goods, Stick and Umbrella Makers,
Comb Makers, etc. Translated from the German by Arthur Morris
and Herbert Robson, B. Sc. 8vo, cloth, 170 pages net. $2.50

SPANG, HENRY W. A Practical Treatise on Light-
ning Protection. With figures and diagrams. 12mo, cloth $1.00

SPEYERS, CLARENCE L. Text Book of Physical
Chemistry. 8vo, cloth , $2.25

STAHL, A. W., and A. T. WOODS. Elementary Me-
chanism. A Text-Book for Students of Mechanical Engineering.
Tenth edition, enlarged. 12mo, cloth . $2.00

STALEY, CADY, and PIERSON, GEO. S. The Separ-
ate System of Sewerage : its Theory and Construction. Third edi-

tion, revised. With maps, plates and illustrations. 8vo, cloth. .$3.00

STANDAGE, H. C. Leatherworkers' Manual : being a
Compendium of Practical Recipes and Working Formulae for Curriers,

Boot-makers, Leather Dressers, Blacking Manufacturers, Saddlers,
Fancy Leather Workers, and all persons engaged in the manipulation
of leather. 8vo, cloth net, $3.50

Sealing Waxes, Wafers, and Other Adhesives.
For the Household, Office, Workshop and Factory. 8vo, cloth, 96

pages net. $2.00
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STEWART, R. W. A Text Book of Light. Adapted
to the Requirements of the Intermediate Science and Preliminary
Scientific Examinations of the University of London, and also for

General Use. Numerous Diagrams and Examples. 12mo, cloth, $1.00
- A Text Book of Heat. Illustrated. 8vo, cloth....$1.00

A Text-Book of Magnetism and Electricity.
160 illus. and Numerous Examples. 12mo, cloth $1.00

An Elementary Text-book of Magnetism and
Electricity. With numerous figures and diagrams. 12mo, cloth $1.00

STONE, ROY, GENERAL. New Roads and Road
Laws in the United States. 200 pages, with numerous illustrations.

12mo, cloth $1.00

STILES, AMOS. Tables for Field Engineers. Designed
for use in the field. Tables containing all the functions of a one

degree curve, from which a corresponding one can be found for any
required degree. Also, Tables of Natural Sines and Tangents. 12mo.
morocco, tucks $2.00

STILLMAN, PAUL. Steam-Engine Indicator and the
Improved Manometer Steam and Vacuum Gauges ;

their Utility and

Application. New edition. 12mo, flexible cloth $1.00

STONEY, B. D. The Theory of Stresses in Girders
and Similar Structures. With observations on the application of

Theory to Practice, and Tables of Strength, and other properties of

Materials. New revised edition, with numerous additions on Graphic
Statics, Pillars, Steel, Wind Pressure, Oscillating Stresses, Working
Loads, Riveting, Strength and Tests of Materials. 777 pages, 143 il-

lustrations, and 5 folding plates. 8vo, cloth $12.50

STUART, C. B. U. S. N. Lives and Works of Civil
and Military Engineers of America. With 10 steel-plate engravings.
8vo, cloth $6.00

The Naval Dry Docks of the United States.
Illustrated with 24 fine Eugravings on Steel. Fimrth edition. 4to,

cloth $6.00

SUFFLING, E. R. Treatise on the Art of Glass
Painting. Prefaced with a review of ancient glass. 8vo, cloth, il-

lustrated nrt, $3.50

SWEET, S. H. Special Report on Coal, showing its

Distribution, Classification, and Costs delivered over different routes

to various points in the State of New York and the principal cities on
the Atlantic Coast. With maps. 8vo, cloth $8.00

SWOOPE, C. WALTON. Practical Lessons in Elec-
tricity ; Principles. Experiments and Arithmetical Problems. An
Elementary Text-Book. With numerous tables, formulae and two

large instruction plates. 8vo, cloth, illustrated. Third nlifinn.

net, $2.00
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TAILFER, L. Practical Treatise on the Bleaching of
Linen and Cotton Yarn and Fabrics. With tables and diagrams.
Translated from the French by John Geddes Mclutosh. 8vo, cloth,
illustrated net, $5.00

TEMPLETON, WM. The Practical Mechanic's Work-
shop Companion. Comprising a great variety of the most useful
rules and formulae in Mechanical Science, with numerous tables of

practical data and calculated results facilitating mechanical operations.
Revised and enlarged by W. S. Hutton. 12mo, morocco .$2.00

TESLA, N. Experiments with Alternate Currents of
High Potential and High Frequency. A Lecture delivered before the
Institution of Electrical Engineers, London. With a portrait and

biographical sketch of the author. With figures and diagrams.
12mo, cloth, illustrated. New Edition In Press.

THOM, CHAS., and WILLIS H. JONES. Telegraphic
Connections: embracing Recent Methods in Quadruplex Telegraphy.
20 full page plates, some colored. Oblong, 8vo, cloth $1.50

THOMAS, C. W. Paper Makers' Handbook
;
a Prac-

tical Treatise. Illustrated In Press.

THOMPSON, EDWARD P., M.E. How to Make In-
ventions ; or, Inventing as a Science and an Art. A Practical Guide
for Inventors. Second edition. 8vo, boards $1.00

Roentgen Rays and Phenomena of the Anode and
Cathode. Principles, Applications and Theories. For Students,
Teachers, Physicians, Photographers, Electricians and others. As-
sisted by Louis M. Pignolet, N. D. C. Hodges, and Ludwig Gutmann,
E. E. With a Chapter on Generalizations, Arguments, Theories,
Kindred Radiations and Phenomena. By Professor Wm. Anthony.
50 Diagrams, 40 Half-tones. 8vo, cloth $1.50

THORNLEY, T. Cotton Combing Machines. With
numerous tables, engravings and diagrams. 8vo, cloth, illustrated.

343 pages net, $3.00

Contents. Preface, List of Illustrations; The Silver Lap Ma-
chine ; Ribbon Lap Machine and Draw-Frame ; General Description
of the Heilmann Comber ;

The Cam Shaft ;
The Detaching and At-

taching Mechanism of the Comber; The Duplex Comber; Rp-setting
of Combers ;

The erection of a Heilmann Comber ; Stop Motions
;

Various Calculations
;
Various Notes and Discussions ; Cotton Comb-

ing Machines of Continental Make
;
Index.

TODD, JOHN and W. B. WHALL. Practical Seaman-
ship for Use in the Merchant Service : Including all ordinary sub-

jects ;
also Steam Seamanship, Wreck Lifting, Avoiding Collision,

Wire Splicing, Displacement, and everything necessary to be known
by seamen of the present day. Second edition, with 247 illustrations

and diagrams. 8vo, cloth net, $8.00
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TOOTHED GEARING. A Practical Hand-Book for
Offices and Workshops. By a Foreman Patternmaker. 184 Illustra-

tions. 12mo, cloth $2.25

TRATMAST, E. E. RUSSELL. Railway Track and
Track-Work. With over two hundred illustrations. 8vo, cloth. $3.00

TRAVERSE TABLE, Showing Latitude and Depart-
ure for each quarter degree of the quadrant, aud for distances from 1

to 100, to which is appended a table of Natural Sines and Tangents for

each five minutes of the quadrant. (Reprinted from Scribuer's Pocket
Table Book.) Van A'ostrand's Si-ience Series. 16mo, cloth ... .60

morocco $1.00

TREVERT, EDWARD. How to build Dynamo-Electric
Machinery, embracing Theory Designing and Construction of Dy-
namos and Motors. With appendices on Field Magnet and Armature
Winding, Management of Dynamos and Motors, and Useful Tables of

Wire Gauges. Illustrated. 8vo, cloth $2.50

Electricity and its Recent Applications. A Practi-
cal Treatise for Students and Amateurs, with an Illustrated Dictionary
of Electrical Terms and Phrases. Illustrated. 12mo, cloth. .$2.00

TUCKER, Dr. J. H. A Manual of Sugar Analysis, in-

cluding the Applications in General of Analytical Methods to the

Sugar Industry. With an Introduction on the Chemistry of Cane

Sugar, Dextrose, Levulose, and Milk Sugar. 8vo, cloth, illus-

trated $3.50

TUMLIRZ, Dr. O. Potential and its Application to
the Explanation of Electric Phenomena, Popularly Treated. Trans-

lated from the German by D. Robertson. 111. 12mo, cloth $1.26

TUNNER, P. A. Treatise on Roll-Turning for the
Manufacture of Iron. Translated and adapted by John B. Pearse, of

the Pennsylvania Steel Works, with numerous engravings, woodcuts.

8vo, cloth, with folio atlas of plates $10.00

UNDERBILL, CHAS. R. The Electro-Magnet. New
and ri vited edition In Prcts.

URQUHART, J. W. Electric Light Fitting. Embody-
ing I'rai-iii-iil Notes on Installation Management. A Hand-book lor

Working Electrical Engineers. With numerous illustrations. 12mo,
cloth. $2.00

Electro-Plating. A Practical Hand Book on the
Deposition of Copper, Silver, Nickel, Gold, Brass, Aluminium, Plat-

ininum, etc. 'third edition. 12mo $2.00

Electrotyping ;
A Practical Manual forming a New

and Systematic Guide to the Reproduction and Multiplication of

Printing Surfaces, etc. 12mo $2.00
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URQUHART, J. W. Dynamo Construction: a Prac-
tical Hand Book for the Use of Engineer Constructors and Elec-
tricians in Charge, embracing Frame Work Building, Field Magnet
and Armature Winding and Grouping, Compounding, etc., with Ex-

amples of Leading English, American and Continental Dynamos and
Motors, with numerous illustrations. 12mo, cloth $3.00

Electric Ship Lighting. A Hand-Book on the
Practical Fitting and Eunning of Ship's Electrical Plant. For the Use
of Ship Owners and Builders, Marine Electricians and Sea Going
Engineers-in-Charge. Numerous illustrations. 12mo, cloth $3.00

UNIVERSAL TELEGRAPH CIPHER CODE. Ar-
ranged for General Correspondence. 12mo, cloth $1.00

VAN NOSTRAND'S Engineering Magazine. Com-
plete sets, 1869 to 1886 inclusive.

Complete sets, 35 vols., in cloth $60.00

Complete sets, 35 vols., in half morocco 100.00

VAN NOSTRAND'S Year Book of Mechanical En-
gineering Data. With many tables and diagrams. (First Year of is-

sue 1904.)

VAN WAGENEN, T. F. Manual of Hydraulic Mining.
For the Use of the Practical Miner. Revised and enlarged edition.

18mo, cloth $1.00

VILLON, A. M. Practical Treatise on the Leather
Industry. With many tables and illustrations and a copious index.

A translation of Villon's " Traite Pratique de la Fabrication des
Cuirs et du Travail des Peaux," by Frank T. Addyman, B. Sc. 8vo,

cloth, illustrated net, $10.00

VINCENT, CAMILLE. Ammonia and its Com-
pounds ;

their Manufacture and Uses. Translated from the French

by M. J. Salter. 8vo, cloth, illustrated net, $2.00

VOLK, C. Haulage and Winding Appliances Used in
in Mines. With plates and Engravings. Translated from the Ger-
man. 8vo, cloth, illustrated net, $4.00

VON GEORGIEVICS, GEORG. Chemical Technology
of Textile Fibres ; Their Origin, Structure, Preparation, Washing,
Bleaching, Dyeing, Printing, and Dressing. Translated from the
German by Charles Salter. With many diagrams and figures. 8vo,

cloth, illustrated. 306 pages net, $4.50

Contents. The Textile Fibres
; Washing, Bleaching and Carbon-

izing ; Mordants and Mordanting ; Dyeing, Printing, Dressing and

Finishing ; Index.

Chemistry of Dye-Stuffs. Translated from the
Second German edition by Chas. Salter. 8vo, cloth, 412 pages.

net. $4.50
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WABNER, ROBERT. Ventilation in Mines. Trans-
lated from the Qermau by Charles Salter. With plates and engrav-

ings. 8vo, cloth, illustrated, 240 pages net. $4.50

WADE, E. J. Second Batteries: Their Theory, Con-
struction and Use. With innumerable diagrams and figures. 8vo,
cloth, illustrated, 492 pages net. $4.00

WALKER, FREDERICK C. E. Aerial Navigation:
A Practical Hand-book on the Construction of Dirigible Balloons,

Aerostats, Aeroplanes and Aeromotors. With diagrams, tables and
illustrations. 8vo, cloth, illustrated, 151 pages net. $3.00

WALKER, W. H. Screw Propulsion. Notes on Screw
Propulsion, its Rise and History. 8vo, cloth 75

WALKER, SYDNEY F. Electrical Engineering in
Our Homes and Workshops. A Practical Treatise on Auxiliary Elec-

trical Apparatus. Third edition, revised, with numerous illustra-

tions $2.00

- Electric Lighting for Marine Engineers, or How to
Light a Ship by the Electric Light and How to Keep the Apparatus
in Order. 103 illustrations. 8vo, cloth. Second edition $2.00

WALLING, B. T., (Lieut. Com. TJ. S. N.), and Julius
Martin. Electrical Installations of the United States Navy. With

many diagrams and engravings. 8vo, cloth, illustrated. . . . . In Press.

WALLIS-TAYLER, A. J. Modern Cycles, A Practi-
cal Handbook on Their Construction and Repair. With 300 illustra-

tions. 8vo, cloth $4.00

Motor Cars, or Power Carriages for Common
Roads. With numerous illustrations. 8vo, cloth $1.80

Bearings and Lubrication. A Handbook for every
user of Machinery. Fully illustrated. 8vo, cloth $1.50

Refrigerating and Ice-Making Machinery. A
Descriptive Treatise for the use of persons employing refrigerating
and ice-making installations and others. 8vo, cloth, illustrated.. $3.00

Refrigeration and Cold Storage ; being a complete
practical treatise on the art and science of refrigeration. 600 pp.,
361 diagrams and figures. 8vo, cloth, illustrated net, $4.50

Sugar Machinery. A Descriptive Treatise, devoted
to the Machinery and Apparatus used in the Manufacture of Cane
and Beet Sugars. 12mo, cloth, ill $2.00

WANKLYN, J. A. A Practical Treatise on the Exam-
ination of Milk and its Derivatives, Cream, Batter, and Cheaae.

12mo, cloth $1.00

Water Analysis. A Practical Treatise on the Ex-
amination of Potable Water. 7V nt/i fdifion. 12mo, cloth $2.00
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WANSBROTTGH, WM. D. The A. B. C. of the Differ-
ential Calculus. 12mo, cloth $1. 50

"WARD, J. H. Steam for the Million. A Popular Treat-
ise on Steam, and its application to the Useful Arts, especially to

Navigation. 8vo, cloth $1.00

WARING, GEO. E., Jr. Sewerage and Land Drainage.
Illustrated with wood-cuts in the text, and full-page and folding
plates. Quarto. Cloth. Third edition $6.00

Modern Methods of Sewage Disposal for Towns,
Public Institutions aud Isolated Houses. Second edition, revised
and enlarged 260 pages. Illustrated, cloth $2. 00

How to Drain a House. Practical Information for
Householders. Third edition enlarged. 12mo, cloth $1.25

WATSON, E. P. Small Engines and Boilers. A man-
ual of Concise and Specific Directions for the Construction of Small
Steam Eagines and Boilers of Modern Types from five Horsepower
down to model sizes. Illustrated with Numerous Diagrams and Half
Tone Cuts. 12mo, cloth $1.25

WATT, ALEXANDER. Electro-plating and Electro-
refining of Metals. Being a new edition of Alexander Watts' "Electro-

Deposition." Revised and largely re-written by Arnold Philip,
B. Sc. With numerous figures and engravings. 8vo, cloth, illus-

trated, 680 pages net $4.50

Electro-Metallurgy Practically Treated. Eleventh

edition, considerably enlarged. 12mo, cloth $1.00

The Art of Soap-Making. A Practical Handbook
of the Manufacture of Hard and Soft Soaps, Toilet Soaps, &c. In-

cluding many New Processes, and a Chapter on the Recovery of

Glycerine from Waste Lyes. With illustrations. Fifth edition,
revised and enlarged. 8vo, cloth $3.00

The Art of Leather Manufacture. Being a Prac-
tical Handbook, in which the Operations of Tanning, Currying, and
Leather Dressing are Fully Described, and the Principles of Tanning
Explained, and many Recent Processes Introduced. With numerous
illustrations. Second edition. 8vo, cloth $4.00

WEALE, JOHN. A Dictionary of Terms Used in
Architecture, Building, Engineering, Mining, Metallurgy, Archaelogy,
the Fine Arts, etc., with explanatory observations connected with

applied Science and Art. fifth edition, revised and corrected.

12mo, cloth $2.50

WEBB, HERBERT LAWS. A Practical Guide to
the Testing of Insulated Wires and Cables. Illustrated. 12mo,
cloth $1.00

The Telephone Hand Book. 128 illustrations. 146

pages. 16mo., cloth $1.00
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WEEKES, R. W. The Design of Alternate Current
Transformers. Illustrated. 12mo, cloth fl.OO

WEISBACH, JULIUS. A Manual of Theoretical
Mechanics. Ninth American edition. Translated from the fourth

augmented and improved German edition, with an Introduction to
the Calculus by Eckley B. Coxe, A.M., Mining Engineer. 1,100
pages, and 902 woodcut illustrations. 8vo, cloth $6.00

Sheep 7.50

WESTON, EDMUND B. Tables Showing Loss of
Head Due to Friction of Water in Pipes. Second edition. 12mo,
cloth $1.50

WEYMOUTH, F. MARTEN. Drum Armatures and
Commutators. (Theory and Practice.) A complete Treatise on the

Theory and Construction of Drum Winding, and of commutators for

closed-coil armatures, together with a full resume of some of the prin-

cipal points involved in their design, and an exposition of armature
re-act ions and sparking. 8vo, cloth $3.00

WHEELER, Prof, J. B. Art of War. A Course of
Instruction in the Elements of the Art and Science of War, for the

Use of the Cadets of the United States Military Academy, West Point,
N. Y. 12mo, cloth $1.75

WHEELER, Prof. J. B. Field Fortifications. The
Elements of Field Fortifications, for the Use of the Cadets of the

United States Military Academy, West Point, N. Y. 12mo, cl. . .$1.75

WHIPPLE, S., C. E. An Elementary and Practical
Treatise on Bridge Building. 8vo, cloth $3.00

WHITE, W. H., K. C. B. A Manual of Naval Archi-
tecture, for use of Officers of the Royal Navy, Officers of the Merclmu-
tilr Marine, Yachtsmen, Shipowners and hliipbtiilders. Containing
many figures, diagrams and tables. Thick, Hvo, cloth, illus $9.00

WHITELAW, JOHN, Jr. Surveying, as Practiced
by Civil Engineers and Survevors; including the setting-out of work
for construction and surveys abroad, with examples taken from actual

practice. Intended as a hand-book for Field and Office use
;

also as

a text-book for Students. With numerous tables, full-page plates
and diagrams. 8vo. cloth, illustrated, 516 pages net. $4.00

WILKINSON, H. D. Submarine Cable-Laying, Re-
pairing and Testing. 8vo, cloth $5.00

WILLIAMSON, R. S. On the Use of the Barometer on
Surveys and Keconpoifwancea. Part I. Meteorology in its Connection
with Hypaometry. Part IL Barometric Hypsometry. With Illus-

trative tables and engravings. 4to, cloth $15.00

- Practical Tables in Meteorology and Hypsometry,
in connection with the use of the Barometer. 4to, cloth $2.50
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WILSON, GEO. Inorganic Chemistry, with New No-
tation. Revised and enlarged by H. G. Madan. New edition.

12mo, cloth $2.00

WTLLSON, F. N. Theoretical and Practical Graphics ;

an Educational Course on the Theory and Practical Applications of

Descriptive Geometry and Mechanical Drawing. Prepared for stu-

dents in General Science, Engraving, or Architecture. Third Edition
Revised. 4to, cloth, illustrated net, $4.00

WINKLER, CLEMENS, and GEO. LUNGE. Hand-
Book of Technical Gas-Analysis. With figures and diagrams. Second
English edition. Translated from the Third, greatly enlarged Ger-
man Edition, with some additions by George Lunge, Ph. D. 8vo,

cloth, illustrated, 190 pages $4.00

WOODBURY, D. V. Treatise on the Various Elements
of Stability in the Well-Proportioned Arch. 8vo, half morocco.. $4. 00

WRIGHT, A. C. Analysis of Oils and Allied Sub-
stances. 8vo, cloth, illustrated, 241 pages net $3.50

Simple Method for Testing Painters' Materials.
8vo, cloth, 160 pages net. $2.50

WRIGHT, T. W.
?
PROF. (Union College). Elements of

Mechanics
; including Kinematics, Kinetics and Statics. With ap-

plications. Third edition, revised and enlarged. 8vo, cloth. . $2.50

WYNKOOP, RICHARD. Vessels and Voyages, as
Regulated by Federal Statutes and Treasury Instructions and Decis-
ions. 8vo, cloth $2.00

YOUNG, J. ELTON. Electrical Testing for Telegraph
Engineers. With Appendices consisting of Tables. 8vo, cloth, illus-

trated. $4.00

YOUNG SEAMAN'S MANUAL. Compiled from
Variotis Authorities, and Illustrated with Numerous Original and
Select Designs, for the Use of the United States Training Ships and
the Marine Schools. 8vo, half roan $3.00

ZIPSER, JULIUS. Textile Raw Materials, and
their Conversion into Yarns. The study of the Raw Materials and
the Technology of the Spinning Process. A Text-book for Textile,
Trade and higher Technical Schools, as also for self-instruction.

Based upon the ordinary syllabus and curriculum of the Imperial and

Royal Weaving Schools. Translated from the German by Chas. Sal-

ter. 8vo, cloth, illustrated net. $5.00



Catalogue of the Van Nostrand

Science Series.

Y are put up in a uniform, neat, and attractive form.
J- boards. Price 50 cents per volume. The subjects are of an

eminently scientific character, and embrace a wide range of topics, and

are amply illustrated -when the subject demands.

No. x. CHIMNEYS FOR FURNACES AND STEAM-BOILERS.
By R. Armstrong, C. E. Third American edition, revised and partly

rewritten, with an appendix on Theory of Chimney Draught, by F. E.

Idell, M.E.

No. 2. STEAM-BOILER EXPLOSIONS. By Zerah Colburn. Nw
edition, revised by Prof. R. H. Thurston.

No. 3. PRACTICAL DESIGNING OF RETAINING-WALLS.
By Arthur Jacob, A.B. Second edition, revised, with additions by Prof.

W. Cain.

No. 4. PROPORTIONS OF PINS USED IN BRIDGES. Second

edition, with appendix. By Charles E. Bender, C.E.

No. 5. VENTILATION OF BUILDINGS. By
W. F. Butler. Second

edition, re-edited and enlarged by James L. Greenleaf, C.E.

No. 6. ON THE DESIGNING AND CONSTRUCTION OP
STORAGE RKSKRVOIRS. By Arthur

Jacob,
A.B. Second edition,

revised, with additions by E. Sherman Gould.

No. 7. SURCHARGED AND DIFFERENT FORMS OF RE-
TAINING-WALLS. By James S. Tate, C.E.

No. 8. A TREATISE ON THE COMPOUND ENGINE. By John
Turnbull, jun. Second edition, revised by Prof. S. W. Robinson.

No. 9. A TREATISE ON FUEL. By Arthur V. Abbott, C. E,
Founded on the original treatise of C. William Siemens, D.C.L.

No. 10. COMPOUND ENGINES. Translated from the French of A.
Mallet. Second edition, revised, with Results of American Practice, by
Richard H. Buel, C.K.

No. ii. THEORY OF ARCHES. Hy Prof. W. Allan.

No. i a. A THEORY OF VOUSSOIR ARCHES. By Prof. W. E.
Cain. Second edition, revised and enlarged. Illustrated.

No. 13. GASES MET WITH IN COAL-MINES. By J. J. Atkinson.
Third edition, tevised and enlarged by Edward H Williams, jun.
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No. 14. FRICTION OF AIR IN MINES. By J. J. Atkinson.

No. 15. SKEW ARCHES. By Prof. E. W. Hyde, C.E. Illustrated

No. 16. A GRAPHIC METHOD OF SOLVING CERTAIN QUES-
TIONS IN ARITHMETIC OR ALGEBRA. By Prof. Geo. L. Vose.

No. 17. WATER AND WATER-SUPPLY. By Prof. W. H. Corfield
of the University College, London.

No. 18. SEWERAGE AND SEWAGE PURIFICATION. By
M. N. Baker, Assoc. Ed. Engineering News.

No. 19. STRENGTH OF BEAMS UNDER TRANSVERSB
LOADS. By Prof. W. Allan, author of "Theory of Arches."

No. 20. BRIDGE AND TUNNEL CENTRES. By John B. Mo.
Master, C.E.

No. 21. SAFETY VALVES. By Richard H. Buel, C.E. Third edition.

No 22. HIGH MASONRY DAMS. By E. Sherman Gould, C.E.

No. 23. THE FATIGUE OF METALS UNDER REPEATED
STRAINS. With Various Tables of Results and Experiments. From
the German of Prof. Ludwig Spangenburgh, with a Preface by S. IL

Shreve, A.M.

No. 24. A PRACTICAL TREATISE ON THE TEETH OF
WHEELS. By Prof. S. W. Robinson. Second edition, revised.

No. 25. ON THE THEORY AND CALCULATION OF CON-
TINUOUS BRIDGES. By R. M. Wilcox, Ph.B.

No. 26. PRACTICAL TREATISE ON THE PROPERTIES OF
CONTINUOUS BRIDGES. By Charles Bender, C.E.

No. 27. ON BOILER INCRUSTATION AND CORROSION
By F. J. Rowan. New edition, revised and partly rewritten by F. L.

Idell, M. E.
No. 28. TRANSMISSION OF POWER BY WIRE ROPES

By Albert W. Stahl, U.S.N. Second edition.

No. 29. STEAM INJECTORS. Translated from the French oi

M. Leon Pochet.

No. 30. TERRESTRIAL MAGNETISM, AND THE MAGNET-
ISM OF IRON VESSELS. By Prof. Fairman Rogers.

No. 31. THE SANITARY CONDITION OF DWELLING.
HOUSES IN TOWN AND COUNTRY. By George E. Waring, jun,

No. 32. CABLE-MAKING FOR SUSPENSION BRIDGES. Bj
W. Hildenbrand, C.E.

No.
33.^

MECHANICS OF VENTILATION. By George W. Rafter
C.E. New edition (1895), revised by author.

No. 34. FOUNDATIONS. By Prof. Jules Gaudard, C.E. Translated
from the French.

No. 35. THE ANEROID BAROMETER : ITS CONSTRUC-
TION AND USE. Compiled by George W. Plympton. Eighth edition.

No. 36 MATTER AND MOTION. By J. Clerk Maxwell, M.A.
Second American edition.
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No. 37. GEOGRAPHICAL SURVEYING: ITS USES, METH-
ODS, AND RESULTS. By Frank De Ycaux Carpenter, C.E.

No. 38. MAXIMUM STRESSES IN FRAMED BRIDGES. By
Prof. William Cain, A.M., C.E. New and revised edition.

No. 39. A HANDBOOK OF THE ELECTRO-MAGNETIC
TELEGRAPH. By A. E. Loring. New enlarged edition.

No. 40. TRANSMISSION OF POWER BY COMPRESSED AIR,

By Robert Zahner, M.E. Second edition.

No. 41. STRENGTH OF MATERIALS. By William Kent, C.E.,
Assoc. Ed. Engineering News.

No. 43. THEORY OF STEEL-CONCRETE ARCHES AND
OF VAULTED STRUCTURES. By Prof. William Cain.

No. 43. WAVE AND VORTEX MOTION. By Dr. Thomas Craig of

Johns Hopkins University.

No. 44. TURBINE WHEELS. By Prof. W. P. Trowbridge, Columbia

College. Second edition.

No, 45. THERMODYNAMICS. By Prof. H. T. Eddy, University of

Cincinnati.

No. 46. ICE-MAKING MACHINES. New edition, revised and en-

larged by Prof. J. E. Denton. From the French of M. Le Doux.

No. 47. LINKAGES; THE DIFFERENT FORMS AND USES
OF ARTICULATED LINKS. By J. D. C. de Roos.

No. 48. THEORY OF SOLID AND BRACED ARCHES. By
William Cain, C.E.

No. 49. ON THE MOTION OF A SOLID IN A FLUID. By
Thomas Craig, Ph.D.

No. 50. DWELLING-HOUSES: THEIR SANITARY CON-
STRUCTION AND ARRANGEMENTS. By Prof. W. H. Corfield.

No. 51. THE TELESCOPE : ITS CONSTRUCTION, ETC. By
Thomas Nolan.

No. 52. IMAGINARY QUANTITIES. Translated from the French of

*L Argand. By Prof. Hardy.

No. 53. INDUCTION COILS : HOW MADE AND HOW USED.
Third American, from Ninth English edition.

No. 54. KINEMATICS OF MACHINERY. By Prof. Kennedy. Witfc
an introduction by Prof. R. H. Thurston.

No. <5. SEWER GASES: THEIR NATURE AND ORIGIN. By
A. de Varona.

No. 56. THE ACTUAL LATERAL PRESSURE OF EARTH-
WORK. By Benjamin Baker, M. Insl C.E.

No. 57. INCANDESCENT ELECTRIC LIGHTING. A Practical
Description of the Edison System. By L. H. Latimer, to which U
added the Design and Operation of Incandescent Stations, by C. J.
Field, and the Maximum Efficiency of Incandescent Lamps, by John
W. Howcll.

No. 58. THE VENTILATION OF COAL-MINES. By W. Fairley.
M.E . F.S.S.
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No. 59. RAILROAD ECONOMICS; OR, NOTES, WITH COM-
MENTS. By S. W. Robinson, C.E.

No. 60. STRENGTH OF WROUGHT-IRON BRIDGE MEM-
BERS. By S. W. Robinson, C.E.

No. 61. POTABLE WATER AND METHODS OF DETECT-
ING IMPURITIES. By M. N. Baker, Ph.B.

No. 6a. THE THEORY OF THE GAS-ENGiNE. By Dugald Clerk.

Second edition. With additional matter. Edited by F. E. Idell, M.E.

No. 63. HOUSE DRAINAGE AND SANITARY PLUMBING.
By W. P. Gerhard. Eighth edition, revised.

No. 64. ELECTRO-MAGNETS. By A. N. Mansfield, S.R

No. 65. POCKET LOGARITHMS TO FOUR PLACES OF DECI-
MALS.

No. 66. DYNAMO-ELECTRIC MACHINERY. By S. P. Thompson.
With notes by F. L. Pope. Third edition.

No. 67. HYDRAULIC TABLES BASED ON " KUTTER'S
FORMULA." By P. J. Flynn.

No. 68. STEAM-HEATING. By Robert Briggs. Third edition, revised,
with additions by A. R. Wolff.

No. 69. CHEMICAL PROBLEMS. By Prof. J. C. Foye. Fourth
edition, revised and enlarged.

No. 70. EXPLOSIVE MATERIALS. The Phenomena and Theories
of Explosion, and the Classification, Constitution and Preparation of

Explosives. By First Lieut. John P. Wisser, U.S.A.

No. 71. DYNAMIC ELECTRICITY. By John Hopkinson, J. N.
Shoolbred, and R. E. Day.

No. 72. TOPOGRAPHICAL SURVEYING. By George J. Specht,
Prof. A. S. Hardy, John B. McMaster, and H. F. Walling.

No. 73. SYMBOLIC ALGEBRA ; OR, THE ALGEBRA OP
ALGEBRAIC NUMBERS. By Prof. W. Cain.

No. 74. TESTING MACHINES : THEIR HISTORY, CON-
STRUCTION, AND USE. By Arthur V. Abbott.

No. 75. RECENT PROGRESS IN DYNAMO-ELECTRIC MA-
CHINES. Being a Supplement to Dynamo-Electric Machinery. By
Prof. Sylvanus P. Thompson.

No. 76. MODERN REPRODUCTIVE GRAPHIC PROCESSES.
By Lieut. James S. Pettit, U.S.A.

No. 77. STADIA SURVEYING. The Theory of Stadia Measurements.

By Arthur Winslow.

No. 78. THE STEAM-ENGINE INDICATOR, AND ITS USE.
By W. B. Le Van.

No. 79. THE FIGURE OF THE EARTH. By Frank C. Roberts, C.E.

No. 80. HEALTHY FOUNDATIONS FOR HOUSES. By Glenn
Brown.
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No. 81. WATER METERS : COMPARATIVE TESTS OP
ACCURACY, DELIVERY, ETC. Distinctive features of the Worth-

ington, Kennedy, Siemens, and Hesse meters. By Ross E. Browne.

No. 82. THE PRESERVATION OF TIMBER BY THE USE
OF ANTISEPTICS. By Samuel Bagster Boulton, C.E.

No. 83. MECHANICAL INTEGRATORS. By Prof. Henry S. H.
Shaw, C.I-:.

No. 84. FLOW OF WATER IN OPEN CHANNELS, PIPES,
CONDUITS, SEWERS, ETC. With Tables. By P. J. Flynn, C.E.

No. 85. THE LUMINIFEROUS AETHER. By Prof, de Volson Wood.

No. 86. HAND-BOOK OF MINERALOGY; DETERMINATION
AND DESCRIPTION OF MINERALS FOUND IN THE UNITED
STATES. By Prof. J. C. Foye.

No. 87. TREATISE ON THE THEORY OF THE CON-
STRUCTION OF HELICOIDAL OBLIQUE ARCHES. By John
L. Culley, C.E.

No. 88. BEAMS AND GIRDERS. Practical Formulas for their Re-
sistance. By P. H. Philbrick.

No. 89. MODERN GUN-COTTON : ITS MANUFACTURE,
PROPERTIES, AND ANALYSIS. By Lieut. John P. Wisser, U.S.A.

No. 90. ROTARY MOTION, AS APPLIED TO THE GYRO-
SCOPE. By Gen. J. G. Barnard.

No. 91. LEVELING: BAROMETRIC, TRIGONOMETRIC, AND
SPIRIT. By Prof. I. O. Baker.

No. 92. PETROLEUM : ITS PRODUCTION AND USE. By
Boverton Redwood, F.I.C., F.C.S.

No. 93. RECENT PRACTICE IN THE SANITARY DRAIN-
AGE OF BUILDINGS. With Memoranda on the Cost of Plumbing
Work. Second edition, revised. By William Paul Gerhard, C. E.

No. 94. THE TREATMENT OF SEWAGE. By Dr. C. Meymott
Tidy.

No. 95. PLATE GIRDER CONSTRUCTION. By Isami Hiroi, C.E.
Second edition, revised and enlarged. Plates and Illustrations.

No. 96. ALTERNATE CURRENT MACHINERY. By Gisbeit

Kapp, Assoc. M. Inst., C.E.

No. 97. THE DISPOSAL OF HOUSEHOLD WASTE. By W.
Paul Gerhard, Sanitary Engineer.

No. 08. PRACTICAL DYNAMO-BUILDING FOR AMATEURS.
HOW TO WIND FOR ANY OUTPUT. By Frederick Walker.

Fully illustrated.

Wo. 99 TRIPLE-EXPANSION ENGINES AND ENGINE
TRIALS. By Prof. Osborne Reynolds. Edited, with notes, etc., by
F. E. Idell. M. E.
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No. 100. HOW TO BECOME AN ENGINEER
; OR, THE

THEORETICAL AND PRACTICAL TRAINING NECESSARY IN
FITTING FOR THE DUTIES OF THE CIVIL ENGINEER. The
Opinions of Eminent Authorities, and the Course of Study in the
Technical Schools. By Geo. W. Plympton, Am. Soc. C.E.

No. 101. THE SEXTANT AND OTHER REFLECTING
MATHEMATICAL INSTRUMENTS. With Practical Suggestions
and Wrinkles on their Errors, Adjustments, and Use. With thirty-
three illustrations. By F. R. Brainard, U.S.N.

No. 102. THE GALVANIC CIRCUIT INVESTIGATED
MATHEMATICALLY. By Dr. G. S. Ohm, Berlin, 1827. Translated

by William Francis. Wuh Preface and Notes by the Editor, Thomas
D. Lockwood, M.I.E.E.

No. 103. THE MICROSCOPICAL EXAMINATION OF POTA-
BLE WATER. With Diagrams, By Geo. W. Rafter.

No. 104. VAN NOSTRAND'S TABLE-BOOK FOR CIVIL AND
MECHANICAL ENGINEERS. Compiled by Geo. W. Plympton, C.E,

No. 105. DETERMINANTS, AN INTRODUCTION TO THE
STUDY OF. With examples. By Prof. G. A. Miller.

No. 106. TRANSMISSION BY AIR-POWER. Illustrated. By
Prof. A. B. W. Kennedy and W. C. Unwin.

No. 107. A GRAPHICAL METHOD FOR SWING-BRIDGES.
A Rational and Easy Graphical Analysis of the Stresses in Ordinary
Swing-Bridges. With an Introduction on the General Theory of Graphi-
cal Statics. 4 Plates. By Benjamin F. LaRue, C.E.

No. 108. A FRENCH METHOD FOR OBTAINING SLIDE-
VALVE DIAGRAMS. 8 Folding Plates. By Lloyd Bankson, B.S.,
Assist. Naval Constructor, U.S.N.

No. 109. THE MEASUREMENT OF ELECTRIC CURRENTS.
ELECTRICAL MEASURING INSTRUMENTS. By Jas. Swinburne. METERS
FOR ELECTRICAL ENERGY. By C. H. Wordingham. Edited by
T. Commerford Martin. Illustrated.

No. no. TRANSITION CURVES. A Field Book for Engineers,
containing Rules and Tables for laying out Transition Curves. By
Walter G. Fox.

No. in. GAS-LIGHTING AND GAS-FITTING, including Specifica-
tions and Rules for Gas Piping, Notes on the Advantages of Gas for

Cooking and Heating, and useful Hints to Gas Consumers. Second
edition, rewritten and enlarged. By Wm. Paul Gerhard.

No. 112. A PRIMER ON THE CALCULUS. By E. Sherman

Gould, C.E.

No. 113. PHYSICAL PROBLEMS AND THEIR SOLUTION.

By A. Bourgougnon, formerly Assistant at Bellevue Hospital.

No. 114. MANUAL OF THE SLIDE RULE. By F. A. Halsey of

the American Machinist. Second edition, revised.
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No. 115. TRAVERSE TABLES, showing the difference of Latitude
and Departure for distances between I and 100 and for Angles to

Quarter Degrees between i degree and 90 degrees. (Reprinted from
Scribner's Pocket Table Book.)

No. 116. WORM AND SPIRAL GEARING. Reprinted from
" American Machinist." By F. A. Halsey.
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Catalogue of Weale's Rudimentary

Scientific Series.

" "WEALE'S SERIES includes Text-Books on almost every branch of

Science and Industry, comprising such subjects as Architecture and Building,
Civil Engineering, Fine Arts, Mechanics and Mechanical Engineering, Physical and

Chemical Science, and many miscellaneous Treatises. The whole are constantly

undergoing revision, and new editions, brought up to the latest discoveries in

scientific research, are constantly issued. We carry large stocks and can furnish

nearly all the series on orders. Such as are not in stock can be procured

promptly."

No. PBIOB.

1. Chemistry, by Fownes $
2. Natural Philosophy, by Tomlinson 60

4. Mineralogy, by Ramsay. 3d edition, enlarged 1.40

6. Mechanics, byTomlinson 60

7. Electricity, by Harris

7*. Galvanism and Electricity, by Harris

8. Rudimentary Magnetism, by Harris and Noad
11. Electric Telegraph, History, by Sabine

12. Pneumatics, Acoustics, &c., by Chas. Tomlinson, F.R.S. 4th Edition,

enlarged 60

16. Architecture, Orders, by Leeds 60

17. Architecture, Styles, by Bury 80

16. 17, bound together 1.40

18. Architecture. Design, by Garbett 1.00

16. 17, and 18, in one vol. half-bound 2.40

20. Perspective, by Pyne 80

22. Building, Art of
, by Dobson 80

23. Brick and Tile Making, by Dobson 1.20

25, Masonry and Stone Cutting, by Dobson 1.00

31. Well-Sinking. By Swindell and Burnell 80

32. Mathematical Instruments, by Heather. New Edition, enlarged by
A. T. WALMIBLEY..., 80
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NO. I'llirn.

83. Cranes and Machinery, by Glynn $0.60
34. Steam Engine, by Lardner 60

35. Blasting and Quarrying, by.Burgoyne 60

36. Dictionary of Terms in Architecture, Ac., by John Weale. Enlarged

by Robert Hunt, F.R.S 2.00

40. Glass Staining and Painting on Glass, by Gessert and Fromberg 1.00

42. Cottage Building, by C. Bruce Allen 80

43. Tubular and Girder Bridges, by Dempsey 80

44. Foundations and Concrete Work, by Dobson 60

45. Limes, Cements, Mortars, Ac., by Burnell 60

50. Law of Contracts, by Gibbons

51. Naval Architecture, by Peake 1.40

53* Ships, Construction of, by Sommerfeldt 60

53**. Plates to ditto, 4to 3.00

54. Masting and Rigging, by Kipping 80

54*. Iron Ship Building, by Grantham

65. Navigation (" The Sailor's Sea Book""), by Greenwood. New Edition

by W. H. Rosser 1.00

67. Warming and Ventilation, by Tomlinson

69. Steam Boilers, by Armstrong 60

60. Land and Engineering Surveying, by Baker 80

61* Ready Reckoner for Land, by Annan 80

67. Clocks and Watches, and Bells, by Sir E. Beckett. 7th Edition, re-

vised and enlarged 1.80

69. Music, by Spencer 1.00

71. Pianoforte Instruction, by Spencer 60

69 & 71. Music and the Pianoforte, by Spencer. In 1 vol. half-bound

72. Recent and Fossil Shells, by Woodward
76. Geometry, Descriptive, by Heather 80

80. Marine Engines, by Murray. 8th Edition, with Additions by G. Car-

lisle, C.E 1.80

80* Embanking Lands from the Soa, by Wiggins
81. Waterworks, by Hughes 1.60

88**. Locks, Construction of 1.00

88. (W). Shipsand Boats, by Bland 60

83. Book-keeping, Haddon 60

84. Arithmetic, by Young 60

84*. Key to ditto 60

86. Equational Arithmetic, by Hiptdey 60

86. Algebra, by Haddon 80

86*. Keytoditto 60

88, Geometry. Parti. (Euclid, Book* LIIL) By Law 60



SCIENTIFIC PUBLICATIONS.

No. PRICE.

89. Partn. (Euclid, Books IV., V., VL, XL, XH.) By Law...$0.60
88. 89. Geometry, in 1 vol. (Euclid's Elements.) 1.00

90. Analytical Geometry, by Hann and Young 80

91. Plane Trigonometry, by Hann 60

92. Spherical Trigonometry, by Hann 40

91, 92, bound together 1.00

93. Mensuration and Measuring, by Baker 60

96. Astronomy, by Main. Revisedby W. T. Lynn .'80

97. Statics and Dynamics, by Baker 60

98. Mechanism and Machines, by Baker and Nasmyth 1.00

99. Navigation and Nautical Astronomy, by Young 1.00

101. Differential Calculus, by Woolhouse 60

102. Integral Calculus, by Cox 60

106. Ships' Anchors, by Cotsell

111. Arches, Piers and Buttresses, by Bland 60

112. Domestic Medicines, by Gooding '. 80

112*. The Management of Health, by Baird 40

113. On the Use of Field Artillery, by H. H. MaxwelL

113.* Memoir on Swords, by Col. Marey
116. Acoustics of Public Buildings, by Smith 60

117. Subterraneous Surveying, by Fenwick and Baker 1.00

118. Civil Engineering in North America, by Stevenson

127. Architectural Modeling, by Richardson 60

128. Vitruvius' Architecture, by Gwilt 2.00

130. Grecian Architecture, by Lord Aberdeen 40

128, 130, in 1 vol. half-bound 2.40

131. Miller's, Corn Merchant's and Farmer's Ready Reckoner. Revised

by Hutton 80

132. Dwelling Houses, Erection of, by Brooks 1.00

135. Electro-metallurgy, Watt 1.40

136. Arithmetic, by Haddon 60

187. Key to ditto

138. Telegraph, Handbook of
, by Bond

139. Steam Engine, Theory of, by Baker 00

140. Farming Soils, Manures and Crops, by Burn 80

141. Ditto Outlines Farming Economy, by Burn 1.20

142. Ditto Cattle, Sheep and Horses, by Burn 1.00

143. Experimental Essays, by C. Towlinson

145. Farming, Dairy, Pigs, and Poultry, by Burn 80

146. Ditto Sewage, Irrigation, <fec., by Burn 1.00

140 to 146. The5vols. in 1, half-bound 4.80

147. The Stepping Stone to Arithmetic, by A. Annan
148. Key to the same
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149. Sails and Sailmaking, by Kipping $1.00
150. Logic, by Emmens 60

151. Handy Book on the Law of Friendly, Industrial and Provident Build-

ing and Loan Societies, by A. White

153. Locke on the Understanding, by Emmens 60

154. General Hinta to Emigrants
155. Engineer's Guide to the Navies

156. Quantities and Measurements, by Beaton 60

157. Emigrant's Guide to Natal, by Dr. Mann
158. Slide Kule and How to Use it, by Hoare 1.00

162. Brass Founder's Manual, by W. Graham 80

163. Law of Patents for Invention, by F. W. Campin
164. Modern Workshop Practice, by J. G. Winton. Fourth Edition, re-'

vised and enlarged 1.40

165. Iron and Heat, by Armour 1.00

166. Power in Motion, by Armour 80

167. Iron Bridges, Girders, Ac., by Campin
168. Drawing and Measuring Instruments, by Heather 60

169. Optical Instruments, by Heather 60

170. Surveying and Astronomical Instruments, by Heather 60

168,169, 170. The three parts as above in 1 vol 1.80

V The above form an enlargement of the original work,
" Mathematical

Instruments" (No. 32).

171 Engineering Drawing, by John Maxton 1.40

172. Mining Tools, by William Morgans 1.00

172*. Plates to ditto, 235 Engravings, 4to 1.80

173. Physical Geology, by Portlock and Tato ., .80

174. Historical Geology, by Ralph Tate, F. G. 8 1.00

173. 174. Geology, Portlock and Tate, 1 vol 1.80

175. Builder's and Contractor's Price Book

176. The Metallurgy of Iron, by H. Bauerman 2.00

177. Culture of Fruit Trees, by Du Breuil 1.40

178. Practical Plane Geometry, by J. F. Heather 80

180. Coal and Coal Mining, by W. W. Smyth 1.40

181. Painting (Fine Art), by Gullick and Timbs 2.00

182. Carpentry and Joinery, by Tredgold and Tarn 1.40

182. Atlas of 35 plates to the above 2.40

183. Animal Physics, by Dr. Lardner. Parti 1.60

184. Ditto. Part II 1.20

183,184. Ditto. InlVoL Cloth boards 3.00

!.-.. The Complete Measurer, by Richard Horton 1.60

186. Grammar of Coloring, by Field, Enlarged by Ellis A. Davidson, with

colored plates 1.20
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187. Hints to Young Architects, by G. Wightwick, Enlarged by G. H.

Guillaume $1.40

188. House Painting, &c., by Ellis A. Davidson 2.00

189. Practical Bricklaying, by Adam Hammond 60

190. Steam and the Steam Engine, by D. K. Clark 1.40

191. Plumbing, House Drainage and Ventilation, by W. P. Buchan.

Fifth Edition, Enlarged 1.40

192. Timber Importers' and Builders' Guide, by Grandy 80

193. Field Fortification, by Major W. W. Knollys 1.20

194. House Manager, by an Old Housekeeper 1.40

194, 112. 112*. House Book (The). Three vols. in one, half-bound 2.40

196. Compound Interest and Annuities, by F. Thoman 1.60

197. Roads and Streets, by Law and Clark 1.80

198. The Sheep, by W. C. Spooner 1.40

199. The Compendius Calculator, by D. O'Gorman, revised by C. Norris. ... 1.00

200. Fuel, byC. W. Williams and D. K. Clark 1.40

201. Kitchen Gardening made Easy, by Glenny 60

202. Locomotive Engines, by Dempsey, with additions by D. K. Clark 1.20

203. Sanitary Work, by Charles Slagg 1.20

204. Mathematical and Nautical Tables, with Treatise on Logarithms, by
Law and Young 1.60

204*. Logarithms, Treatise on, with Tables, by Law, from the above 1.20

204&55. Practical Navigation, in 1 voL, half-bound 2.80

205. Letter Painting Made Easy, by J. G. Badenoch 60

206. A Book on Building, by Sir Edmund Beckett 1.80

207. Farm Management, by R. Scott Burn 1.00

208. Landed Estates Management, by K. Scott Burn 1.00

207, 208. Farm and Landed Estates Management, by R. Scott Burn, in 1

voL, half-bound 2.40

209. The Tree Planter and Plant Propagator : A Practical Manual, by Sam-
uel Wood 80

210. The Tree Pruner, by Samuel Wood 60

209, 210. The Tree Planter, Propagator, and Pruner, by Samuel Wood. In

1 voL, half-bound 1.40

211. The Boilermaker's Assistant, by Courtney 80

212. The Construction of Gasworks, by S. Hughes. Seventh Edition by
William Richards 2.20

213. Pioneer Engineering, by Edward Dobson, C. E 1.80

214. Slate and Slate Quarrying, by D. C. Davies 1.20

215. The Goldsmith's Handbook, by G. E. Gee 1.20

216. Materials and Construction, by F. Campin 1.20

217. Sewing Machinery, by J. W. Urquhart, C. E. 80

218. Hay and Straw Measurer, by John Steele 80
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219. Civil Engineering, by Law and Burnell, with Recent Practice, bj D.

K. Clarke, M. L C. E $2.60

221. Measures, Weights, and Moneys of All Nations, by W. 8. B. Woolhouse.

New Edition 1.00

222. Suburban Farming, by Prof. Donaldson

228. Mechanical Engineering, by F. Campin, C. E 1.00

224. Coach Building, by Jas. W. Burgess 1.00

225. The Silversmith's Handbook, by G. E. Gee 1.20

215, 225. The Goldsmith's and Silversmith's Complete Handbook, by Gee.

half-bound 2.80

226. The Joints used by Builders, by J. W. Christy 1.20

227. Mathematics as applied to the Constructive Arts, by F. Campin, C. E. 1.20

22a The Construction of Roofs, by E. W. Tarn 60

220. Elementary Decoration, by J. W. Facey .80

230. Hand Railing by Geo. Ceilings 1.00

231. Grafting and Buding, by C. Baltet 1.00

232. Cottage Gardening, byE. Hobday 60

233. Garden Receipts. Edited by C. W. Quin 60

234. Market and Kitchen Gardening, by C. W. Shaw 1.20

285. Practical Organ-Building, by Dickson. 1.00

236. Details of Machinery, by F. Campin, C. E. 1.20

237. The Smithy and Forge, by Crane. 2d Edition. 1.00

238. Sheet Metal Workers' Guide, by Crane 60

239. Draining and Embanking, by Prof. Scott 60

240. Irrigation and Water Supply, by Prof. Scott 60

241. Farm Roads, Fences and Gates, by Prof. Scott 60

242. Farm Buildings, by Prof. Scott 80

243. Born Implements and Machines, by Prof. Scott 80

214. Field Implements and Machines, by Pros. Scott 80

245. Agricultural Surveying, by Prof. Scott 60

289 to 245. The 7 vols. in 1, halt-bound 4.80

246. Dictionary of Painters, by P. Datyl 1.00

247. Building Estates, by Fowler Maitland. 80

248. Portland Cement for Users, by Faijo. 80

249. The Hall-Marking of Jewelry, by Ge 1.20

250. Meat Production, by John Ewart 1.00

251. Steam and Machinery Management, by M. Powis Bale, C. E 1.00

252. Brickwork, a Practical Treatise, by F. Walker. 2nd Edition, revised.. .60

23, 189 A 252. The Practical Brick and Tile Book, in 1 volume, half-bound.

i i 10 Timber Merchant's Freight Book, by W. Richardson and M. P. Bale,

954. The Boilermaker*! Ready Reckoner, by J. Courtney, revised by D.

K. Clark 1.60

264 and 211 in one volume, half bound. .. 2.80
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256. Stationary Engine Driving, by Michael Reynolds $1.40

257. Practical House Decoration, by Facey 1.00

229, 257. House Decoration, by Facey, in 1 volume, half-bound 2.00

258. Circular Work in Carpentry, by Collings 1.00

259. Gas-Fitting, by John Black 1.00

260. Iron Bridges of Moderate Span, by Hamilton W. Pendred. 80

261. Shoring, by Geo. H. Blagrove 60

262. Boot and ShoemaMng, by J. B. Leno 80

263. Mechanical Dentistry, by C. Hunter 1.20

264. Mining and Quarrying, by J. H. Collins 60

2C5. Practical Brick Cutting and Setting, by Adam Hammond. 60

S3, 189, 265 in one volume, half bound 2.40

267. The Science of Building, by E. W. Tarn 1.40

268. The Drainage of Lands, Towns and Buildings, by G. D. Dempsey.

Revised, with additions, by D. K. Clark. 2d ed 1.80

269. Light; an Introduction to the Science of Optics, by E. W. Tarn 60

270. Wcod Engraving, by W. N. Brown 60

271. Ventilation, by W. P. Buchan 1-40

272. Roof Carpentry, by George Collings 80

273. The Practical Plasterer, by W. Kemp 80

274. Elementary Marine Engineering, by J. S. Brewer .60

275. Laundry Management. '. 80

276. Cement, Pastes, Glues and Gums, by H. C. Standage 80

277. Fuels
;
Their Analysis and Valuation, by E. J. Phillips 80

278. Model Locomotive Engineer, Fireman, &c., by M. Reynolds 1.40

279. Constructional Iron and Steel V/ork, by F. Campin. 1.40

280. Iron and Steel Bridges and Viaducts, by F. Campin 1.40

281. French Polishing and Enamelling, by R. Bitmead
'

.60

282. Electric Lighting, by A. A. C. Swinton 60
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